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RÉSUMÉ 
Les dalles de tabliers de ponts et des stationnements sont exposées à des environnements 
agressifs en particulier au Québec et en Amérique du Nord en raison de l'utilisation de 
sels de déglaçage et des cycles de gel-dégel. La substitution des armatures d’acier par des 
armatures en matériaux composites de polymères renforcés de fibres (PRF) constitue une 
alternative intéressante qui connait beaucoup de succès ces dernières années. Le béton 
armé de PRF est durable, car l’armature n’est pas sujette à la corrosion électrochimique. 
Aussi l’armature de PRF possède une résistance en traction élevée et est légère.  
En Amérique du Nord, l’utilisation des composites de PRF a suscité une attention toute 
particulière de la part des ingénieurs et des gestionnaires d’ouvrages. Plusieurs 
organismes dont des ministères de transport spécifient l’armature de PRF comme 
matériau structural dans leurs devis techniques pour lutter contre la corrosion et allonger 
la durée de service de leurs infrastructures. 
Les dalles en béton armé sont souvent soumises à des efforts de cisaillement critiques. 
Actuellement les méthodes de calcul au cisaillement (à l’effort tranchant) de dalles 
unidirectionnelles en béton armé de PRF différèrent d’une norme à une autre. En effet, la 
majorité des équations proposées dans les normes et guides de conception ont dérivées à 
partir de relations empiriques. 
Bien que des efforts de recherche considérables aient été consacrés dans ce domaine au 
cours de la dernière décennie, une meilleure compréhension du comportement au 
cisaillement et des mécanismes de rupture de dalles unidirectionnelles en béton armé de 
PRF est encore nécessaire. Dans cette recherche, un programme expérimental visant à 
étudier le comportement de dalles renforcées avec différents types de barres en PRF a été 
mis en place. 
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Vingt-deux dalles unidirectionnelles en béton renforcées avec des barres de PRF ont été 
construites et testées en flexion a quatre points jusqu’à la rupture.  Les paramètres d’étude 
comprennent : le type et le taux d’armature, le diamètre de la barre, l’espacement et la 
configuration de l’armature ainsi que la résistance en compression du béton afin 
d’examiner leur effet sur la résistance au cisaillement des dalles. 
Le comportement des dalles testées a été examiné en considérant le réseau de fissures, la 
charge ultime ainsi que les modes de rupture. Aussi, une base de données comprenant 
203 poutres et dalles unidirectionnelles en béton armé de PRF rompues en cisaillement a 
été répertoriée et introduite dans les analyses.  
Les charges de rupture en cisaillement des dalles testées dans le cadre de cette thèse ainsi 
que celles de la base de données ont été comparées à celles prédites par les équations de 
calcul proposées par la normes canadiennes CSA S6-06/S1 et CSA S806-12, ainsi que 
celles des deux guides de calcul ACI 440.1R-06 et JSCE-97. Les analyses effectuées ont 
montré que les valeurs prédites par les équations de calcul proposées par l’ACI 440.1R-
06 sont très conservatrices, alors que celles prédites par celles de JSCE-97 sont en 
meilleur accord avec les valeurs expérimentales.  Aussi, les résultats obtenus ont montré 
que les équations de la nouvelle norme CSA S806-12 prédisent bien la résistance au 
cisaillement expérimentale. Toutefois, une amélioration de l'équation de la norme 
CSAS806-12, conduisant à de meilleurs résultats, est proposée.     
Par ailleurs, les résultats obtenus dans le cadre de cette thèse  ont mené à une meilleure 
compréhension des mécanismes de rupture et des facteurs principaux qui contribuent à la 
résistance au cisaillement de dalles unidirectionnelles en béton armée de PRF. Enfin, des 
recommandations pour des travaux futurs y sont également formulées. 
Mots clés: dalle unidirectionnelle, béton armé, PRF, résistance au cisaillement, modèle de 
fissuration, mécanisme de rupture, normes de conception. 
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ABSTRACT 
Bridge deck and parking garage slabs are exposed to aggressive environments 
particularly in the North American regions resulting from the excessive use of de-icing 
salts. Fiber-reinforced-polymer (FRP) reinforcements have emerged as a practical and 
sustainable anticorrosive reinforcing material with superior tensile strength to overcome 
the corrosion problem.  High comfort level and increase use of the material is currently 
seen.  Protection and regulations policies of some Public North American agencies 
currently include GFRP reinforcing bars as premium reinforcement. Shear behaviour in 
RC slabs is examined since most of the bridge deck and parking garage slabs are shear-
critical. However, there is still no agreement in FRP design codes and guidelines for 
shear strength equations.  Several design code equations are still based on empirical 
relationships while recent developments are based on shear theories.  The complex nature 
of shear phenomena which is influenced by many parameters, in addition to the existence 
of various schools of thoughts in shear, makes it difficult to find a general agreement on a 
unified equation. Huge research efforts are being established, however better 
understanding for the shear behaviour and failure mechanisms for unidirectional FRP RC 
slabs is still needed. In this research study, an experimental program was designed to 
investigate the shear behaviour of one-way concrete slabs reinforced with different types 
of FRP bars. A total of twenty one concrete slabs reinforced with FRP bars in addition to 
a steel reinforced slab were constructed and tested to failure under two-point loading. The 
variation in the concrete contribution to the shear strength cV is investigated with respect 
to FRP reinforcement properties. Newly developed GFRP bars with high modulus, which 
were not previously investigated in the literature, are used. Different FRP reinforcement 
properties were included in the study such as reinforcement ratio, modulus of elasticity 
and axial stiffness, type of bars, and reinforcement configuration. Also, normal concrete 
and high strength concrete were considered in the research programme. Analysis of the 
experimental results included the general behavior of the tested slabs, crack patterns, 
ultimate capacities, and modes of failure, load deflection relationships as well as the 
concrete and reinforcement strains.  
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Test results of the present investigation indicate an influence of the reinforcement type, 
bar diameter, and the shear stiffness of the bars on the mode of failure and the shear 
strength.  
 
The experimental investigation and analysis of test results provided better understanding 
of concerning mechanisms of failure and factors contributing to the shear capacity of FRP 
RC slabs. A refined shear model to the CSA S806-12 is introduced and found to provide 
better results compared to the existing design codes and guidelines. The model is based 
on regression analysis of an experimental database. The database is assembled from 
twenty five different studies in addition to the present investigation. The used database 
includes 203 unidirectional members reinforced with FRP bars (without shear 
reinforcement) failing in shear.  
The model was evaluated through the experimental concrete shear capacities ( expcV ) of 
the database and found to provide good predictions. The experimental shear capacities of 
the database ( expcV ) was compared to their corresponding predicted shear capacities (
cpreV ) using CSA S806-12, CAN/CSA-S6.1S1, ACI 440.1R-06, and JSCE-97. It was 
found that the ACI guide is very conservative.  It can be noted that using this guide in its 
present form may reduce the economic competitiveness of fibre-reinforced polymers. 
JSCE recommendations are in better agreement with the test results. The Canadian CSA 
S806-12 equation was found to be in good fit with the experimental shear capacities.  
Key words: one-way (unidirectional) slab, reinforced concrete, FRP, shear, behaviour, 
shear strength, crack pattern, shear failure mechanism, strain, stiffness, modulus, grade, 
design codes and guides. 
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CHAPTER 1  INTRODUCTION 
1.1 General  
Chloride ion induced reinforcing steel corrosion in aging concrete infrastructures is the 
most costly deterioration mechanism that constitutes a considerable economic burden on 
governmental agencies. To minimize future corrosion induced problems and construct 
more durable infrastructures, various corrosion protection strategies have been adopted 
by several transportation agencies. Although different types of steel were developed with 
special corrosion protection characteristics like galvanic steel protection (GSP), epoxy-
coated reinforcement (ECR), galvanized steel reinforcement (GSR), and stainless steel 
reinforcement (SSR), the corrosion problems could not be totally avoided.  
FRP bars provide anticorrosive alternative for steel reinforcement that can be beneficial 
when applied in infrastructures particularly those exposed to aggressive environments. 
FRPs are also beneficial when used in structures exposed to de-icing salts such as bridge 
deck slabs, parking garage structures, retaining walls, and marine structures. The high 
strength to weight ratio of FRP reinforcements offers significance savings in both 
placement and use.  
FRPs have superior tensile strength compared to steel; they behave in linearly elastic 
manner till rupture (ACI 440.1R-06). This makes the concrete reinforced with FRP bars 
more vulnerable to brittle failure if not well designed. Structures reinforced with FRP 
bars also have good fatigue and damping properties. However, due to the relatively lower 
modulus of elasticity of FRP bars compared to steel bars, the design of FRP RC members 
is generally governed by the serviceability limits (deflection, crack-width, service stress 
limits).   
Research efforts on the structural performance and the durability of FRP bars have 
reached a sufficiently mature state for reinforced concrete members. Therefore, several 
codes and guidelines were developed to address the design procedures for the FRP-
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reinforced concrete members worldwide. Several design codes and guidelines are 
currently available for concrete structures reinforced with FRP bars such as, BRI, 1995; 
Fib, 2007; CNR-DT-203, 2006; JSCE 1997; ACI440.1R-06, 2006; CSA-S806-12, 2012; 
CSA S6.1S1-06, 2010; and ISIS M03-07, 2007.  
Through the extensive research on concrete structures reinforced with FRP bars, special 
concern has been given to the behaviour of FRP reinforced flexural members. It has been 
well established that the flexural capacity of FRP reinforced members can be predicted 
using the traditional beam theory. Classical beam theory provides an accurate model for 
designing flexural members. The rationality of beam theory can be kept after cracking 
since flexural cracks are perpendicular to the bending axis so that the “plane sections 
remain plane” assumption is valid. Tensile stresses can be effectively neglected at a crack 
and that flexural failure occurs at the maximum moment location, so that consideration of 
conditions at the maximum moment section is sufficient for flexural design. 
The shear behaviour in flexural elements is a more complex phenomenon. Shear design 
must consider the response of a finite length of the member, rather than the response of a 
single section. Due to the complications of shear behaviour, the shear strength has been 
considered as major area of research in reinforced concrete structures for decades. 
In general, the shear behaviour of FRP reinforced concrete is similar to that of steel 
reinforced concrete except for some differences attributed to the difference in properties 
of both materials. Differences include the modulus of elasticity, fE , surface bond 
characteristics and the anisotropic nature of the material. Due to relatively low modulus 
of elasticity of FRP bars, concrete members reinforced with FRP bars develop wider and 
deeper cracks than members reinforced with steel having the same amount of 
reinforcement. Deeper cracks result in decreasing the concrete in compression which lead 
to reducing its contribution to the shear strength. Moreover, aggregate interlock is 
activated at the presence of cracks, therefore, the wider cracks in the case of FRP-
reinforced concrete lead to reduce the contribution of cracked concrete to the aggregate 
interlock and the residual tensile stress. Finally, the overall shear capacity of concrete 
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members reinforced with FRP bars as flexural reinforcement is lower than that of 
concrete members reinforced with steel bars with the same amount of tensile 
reinforcement. 
Several studies on the shear capacity of FRP reinforced members without shear 
reinforcement have indicated that the shear strength is influenced by the stiffness of the 
tensile reinforcement (Sonobe, et al., 1997; Michaluk, et al., 1998; Tureyen, and Frosch, 
2003). The behaviour of FRP bars is brittle with no yielding at failure. Since the shear 
capacity prediction is essential in the design of GFRP reinforced concrete members, the 
ACI 440.1R-06 guide recommends that such members be designed as over reinforced 
section and recognizes that the shear behaviour of FRP reinforced concrete members 
should be carefully studied.  
1.2 Research Significance  
With increased experimental test results related to FRP-reinforced concrete elements, a 
better understanding of the behaviour of such structural elements is emerging to achieve 
powerful and economical design methods. An experimental investigation including one-
way slabs reinforced with different types of FRP bars was performed. This study explores 
the shear behaviour of slabs reinforced with FRP bars in normal and high strength 
concretes. The experimental results of this investigation contributes to the current 
knowledge and to the global experimental database of the shear behaviour of FRP-RC 
unidirectional members without shear reinforcement. A better understanding is essential 
to the nature of shear behaviour of slabs reinforced with FRP bars. This was obtained 
through the experimental observations and test results related to the cracking behaviour, 
shear failure mechanisms and ultimate capacities. In this research a refined shear design 
method is introduced to enhance the economic competitiveness of fibre-reinforced 
polymers while insuring conservative shear design. . The current design codes and guides 
provisions were evaluated in light of the test results. The current CAN/CSA-S806-12 
design equation is refined using simple regression analysis for a database of 203 elements 
assembled from the test results of the present study and results available in the literature.   
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1.3 Objectives 
This thesis discusses the behaviour of FRP RC slabs failing in shear through an extensive 
research program consisting of twenty-two one-way slabs. The main objectives of this 
investigation are: 
1- To explore the general behaviour and mechanisms of one-way shear transfer in 
concrete slabs reinforced with different amounts and types of FRP bars and to 
study the effect of the various parameters on the shear behaviour of the slabs.  
2- To investigate the level of accuracy of the current analysis and design approaches 
for shear to members longitudinally reinforced with FRP reinforcement. 
3- To study the effect of reinforcement axial stiffness, reinforcement type, 
reinforcement spacing, reinforcement arrangement, and surface texture as well as 
the concrete type and compressive strength on the shear behaviour one-way slabs. 
4- To propose a refined shear design model based on the test results of this research 
in addition to an experimental database collected from the literature for FRP 
reinforced unidirectional members without shear reinforcement failing in shear. 
The work described herein offers a better insight into the mechanism of one-way shear 
transfer in FRP reinforced concrete elements. The experimental data, test observations, 
and resulting analysis helps to support the validity/development of rational, theoretically 
and more accurate shear design provisions. The application of which will insure 
appropriate levels of safety and more economic design for concrete reinforced with FRP 
bars.  
1.4  Organization of the Thesis  
The thesis is organized into seven chapters. The following is a brief description of the 
thesis contents.  
Chapter 1 defines the problem and presents the main objectives of this study and presents 
the structure of the dissertation.  
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Chapter 2 presents a literature review related to the mechanical properties of FRP bars 
and the shear behaviour of FRP reinforced concrete elements (beams and one-way slabs) 
without web reinforcement. The review focuses on areas most relevant to the research 
presented in this thesis. This chapter also reviews the design codes and guidelines for 
shear strength provisions.  
Chapter 3 outlines the experimental program conducted at the University of Sherbrooke 
structural lab to investigate the behaviour of twenty two full-scale concrete slabs 
reinforced with FRP bars and steel bars. In this chapter, the reinforcement details and 
specimen reinforcement are presented as well as the test setup, instrumentation, and 
testing procedure. The test variables are reported in details. The material characteristics 
used in this research are also presented.  
Chapter 4 is presented in a format of a technical paper to be submitted to a journal. The 
analyses of the experimental test results and test observations obtained on tests of nine 
concrete one-way slabs reinforced with carbon-FRP bars are presented. The influence of 
each test parameter on the behaviour and the shear strength of the tested Carbon FRP RC 
slabs are discussed. In addition, the shear strength of the tested slabs was analyzed using 
the different available shear design provisions. 
Chapter 5 is presented in a format of a technical paper to be submitted to a journal. It 
investigates the behaviour of sixteen one-way concrete slabs reinforced with Glass and 
Carbon FRP bars in addition to a steel-reinforced control slab. The structural behaviour 
was observed and reported for the tested slabs regarding their failure mechanisms, crack 
patterns, shear cracks as well as the ultimate capacities.  
Chapter 6 is presented in a format of a technical paper to be submitted to a journal. It 
presents a refined shear model based on the regression analysis of an experimental 
database of 203 shear critical FRP-RC members (beams and slabs) collected from twenty 
five different researches. The database includes reinforced concrete members without 
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shear reinforcement (beams and slabs) and experimental shear capacities of the present 
research program. It also evaluates some of the current shear design formulas.  
Chapter 7 presents the summary and conclusions of the investigation performed in this 
thesis and the recommendations for future research. 
Appendix A gives the histograms for the database presented in chapter 6 of the thesis. 
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CHAPTER 2 LITERATURE REVIEW 
2.1 General  
Corrosion induced deterioration of reinforced concrete bridges and parking garages in North 
America is an economical, societal, and technical problem. The corrosion damage arises because 
of de-icing salts progressively diffuse into the concrete. A critical concentration of chlorides at 
the reinforcement depth will induce the corrosion of the steel and the concrete cracking and 
spalling. If this attack is left unaddressed, then bridge or parking garage structural integrity is 
eventually compromised. As a solution to the corrosion problem, FRP bars have been introduced 
to the construction industry to provide more durable structures.  The design of concrete deck and 
parking garage slabs are based on serviceability limit states (SLS) and ultimate limit states 
(ULS).  
The objective of this chapter is to offer a broad perspective of the research concerning FRP that 
has been conducted on the shear behaviour of FRP reinforced concrete members without shear 
reinforcement. The emphasis is on research that relates to one way shear behaviour. The two way 
shear behaviour of FRP RC slabs, characterized by punching shear failure consisting of a 
truncated cone of concrete is not considered in this thesis. Major shear design provisions, as well 
as previous studies related to shear of RC members, including mechanisms of shear transfer are 
described in this chapter. Flexural behaviour and mechanisms of flexural failure of reinforced 
concrete members has been extensively evaluated and has been well clarified. Through those 
investigations, well understood conclusions are now incorporated in most of the current design 
codes. However, the dilemma of the shear behaviour of reinforced concrete members has not yet 
been settled in spite of the extensive research. Shear behaviour in reinforced members has been 
the subject of many controversies and debates since the last five decades. The shear failure 
mechanism is a complex phenomenon involving many variables and it cannot be rationalized 
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into a simple model. Several models were introduced by different codes defining the design 
procedure and the applicability conditions.  
Shear failures in reinforced concrete members are known to be sudden and catastrophic in 
nature and must be avoided in the design process. That is why reinforced concrete members are 
first dimensioned in flexural and then checked out for shear. Shear induces tensile stresses which 
may result in diagonal shear cracks. The developed diagonal cracks occur when shear stresses 
along with the longitudinal stresses due to bending exceed the tensile strength of concrete. 
Unless appropriate amount of web reinforcement have been provided, these diagonal cracks can 
result in premature shear failure. Most of the shear design provisions for concrete structures 
reinforced with steel or FRP bars superimpose the shear strength of a flexural reinforced concrete 
member into two components. The two components comprise the concrete contribution to the 
shear strength cV  and the shear reinforcement contribution sV . The provisions give separate 
design equations for evaluating cV  and sV . The design shear strength is therefore the summation 
of cV  and sV , multiplied with an appropriate safety factor. 
The literature on the shear behaviour of concrete elements is very extensive as it dates from 
the beginning of the last century. Thus, it is out of scope of this study to encompass all the 
previous work relevant to this topic. A comprehensive review is provided by the joint committee 
ACI-ASCE-Committee 426 (1973) on shear and diagonal tension and ACI-ASCE Committee 
445 (1998).  
In this chapter, the basic properties of FRP and concrete materials are emphasized in addition 
to the concepts in shear of concrete members without web reinforcement. The effect of FRP 
flexural reinforcement on the shear capacity of the concrete flexural members without shear 
reinforcement is reviewed.  
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2.2 Plain Concrete Behavior  
Plain concrete is a non-homogeneous mixture of coarse aggregate, sand, and hydrated cement 
paste. For normal-weight concrete mixes, coarse aggregate is usually gravel or crushed rock that 
is larger than 5mm in diameter, while sand is aggregate particles with diameters between 4.75 
mm and 0.75 mm. Hydrated cement paste (HCP) refers to the hydration product of portland 
cement and water. The transition zone refers to the HCP located in the immediate vicinity of the 
coarse aggregate particles. Because the transition zone typically has a slightly higher porosity, 
than is observed in the entire HCP and because of the physical boundary between the different 
materials, the transition zone is weaker than the remainder of the HCP. Figure  2-1 shows saw cut 
cross section of different types of concrete showing aggregate and paste.  
   
Figure  2-1 Saw cut cross section of concrete showing aggregate and paste Concrete pavement 
association Flynn 2007 
The axial behaviour of plain concrete has been widely studied by researchers for the past 
century, and is widely dependent on the specifications of the concrete. Water-cement ratio, 
cement and aggregate characteristics, concrete unit weight, type of curing and age, all play a 
significant role in the behaviour of concrete (Carreira and Chu, 1985). The plain concrete 
behaviour is best understood from the axial compression of concrete cylinders taken from the 
concrete mix. Concrete gains most of its ultimate strength in the first 28 days after construction, 
during which time the type of curing system will affect the overall strength. The testing of the 
cylinders at 28 days will result in a stress-strain plot that will rise until ultimate strength and then 
descend quickly when the concrete crushes. Figure  2-2 shows the typical stress-strain response of 
plain concrete cylinders. 
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Strain  
Figure  2-2 Plain concrete stress-strain diagram (Carreira and Chu, 1985) 
2.2.1 Shear behaviour of plain concrete  
Pure shear strength is often misunderstood as shear strength obtained from the slip of direct shear 
tests. However, pure shear strengths are attributed to the principal tensile stress and it represents 
tensile strength under perfect biaxial stress field. Basic strength for the structural design of 
concrete members is usually based on compressive strength. Other strength properties of 
concrete are usually based on an experimental relation with compressive strength. It is difficult 
for an actual design to investigate experimentally pure shear cracking strength of plain concrete 
elements, so an evaluation method for pure shear cracking be as simple as possible. Yoshitake et 
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al., (2011) used compressive strength for a simple estimation of pure shear cracking strength. 
Pure shear strength has a strong correlation to tensile strength. Thus, pure shear strength of a 
plain concrete element must indicate a higher correlation to the two-thirds power of compressive 
strength used in the estimation formula of tensile strengths. Yoshitake et al., (2011) investigated 
the relationship between pure shear cracking strength through experimental investigation and 
compressive strength to obtain an appropriate coefficient of the equation. The experimental 
observation implies that every concrete specimen was subjected to only pure shear and the 
principal tensile force in each test was dominant in producing pure shear failure. Figure  2-3 
shows a simple estimation of pure cracking strength as indicated by Yoshitake et al. (2011).  
  
Figure  2-3 Applicability of simple estimation for pure shear cracking strength  
(Yoshitake, et al., 2011) 
2.3 High Strength Concrete  
When high-strength concrete is considered for structural application, one of the main concerns is 
that it becomes increasingly brittle as the strength of concrete increases. An explanation of the 
brittle behaviour of the high strength concrete is that the fracture surface in HSC is smooth. The 
cracks move without discontinuities between the matrix and aggregates as the fracture develops 
along the transition zone between the matrix and aggregates. In high strength concrete, fewer 
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aggregate particles are broken while in NSC failure surface is rough increasing the aggregate 
interlock contribution to the shear strength. In the production of high strength concrete, 
aggregates should not only be strong and durable but also should be compatible in terms of 
stiffness and strength with the cement past.  High strength concrete also has high cement 
materials content that increases the heat of hydration and possibly higher shrinkage leading to the 
potential for cracking.   
2.4 Fiber Reinforced Polymers  
“FRP” is an acronym for fiber reinforced polymers. The term composite material is a generic 
term used to describe a judicious combination of two or more materials to yield a product that is 
more efficient from its constituents. One constituent is called the reinforcing or fiber phase (one 
that provides strength); the other in which the fibres are embedded is called the matrix phase. 
The matrix, such as a cured resin-like epoxy, polyester, vinyl ester, acts as a binder and holds the 
fibres in the intended position, giving the composite material its structural integrity by providing 
shear transfer capability. Figure  2-4 shows basic material components and the concept of FRP 
composite. 
 
 
Figure  2-4 Basic material components of FRP composite 
Use of composite materials was pioneered by the aerospace industry in the beginning of the 
1940’s, primarily because of the material’s high-performance and lightweight qualities. 
Advanced composite materials, so called because of their many desirable properties. The 
Fibers  Polymer Matrix 
Matrix   
FRP Composite  
+ = 
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superior properties of FRPs include high performance, high strength-to-weight and high 
stiffness-to-weight ratios, high energy absorption, and outstanding corrosion and fatigue damage 
resistance.   
These materials consist of high-strength and stiffness fibres protected by a high-performance 
thermosetting polymer. The polymer composite derives its mechanical characteristics wholly 
from those of the fibres and the quality of the fibre/matrix interface, therefore the most important 
properties required of the polymer is its physical and in-service characteristics. High-
performance thermosetting resins are required to provide specific properties in harsh 
environments. These matrices must possess high dimensional stability, low water absorption, 
good chemical resistance, and high mechanical properties. 
2.4.1 Utilization of FRP in civil engineering  
Different types of FRPs, as shown in Figure  2-5 are used in civil engineering infrastructure in 
different forms. FRPs are available in the form of sheets used for repair and external 
reinforcement of concrete structures, bars, and rods, for concrete reinforcement, and pultruded 
structural shapes used as tubes, structural stay in place formworks, etc.  
   
Figure  2-5 Utilization of FRP in civil engineering applications 
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2.4.2 Fiber reinforced polymer bars  
FRP materials have emerged as an alternative material for producing reinforcing bars for 
concrete structures (ACI 440.1R-06, 2006). The corrosion resistance of FRP reinforcement is a 
significant benefit for structures in highly corrosive environments such as seawalls and other 
marine structures, bridge decks and superstructures exposed to de-icing salts, and pavements 
treated with de-icing salts. In structures supporting magnetic resonance imaging (MRI) units or 
other equipment sensitive to electromagnetic fields, the nonmagnetic properties of FRP 
reinforcement are unrivaled.  Due to differences in the physical and mechanical properties and 
behaviour of FRP materials versus steel, unique guidance on the engineering and construction of 
concrete structures reinforced with FRP bars is needed. Several countries, such as USA, Japan, 
Canada, Germany, Italy, United Kingdom, Norway, have established design and construction 
guidelines specifically for the use of FRP bars as concrete reinforcement. 
FRP bars are manufactured through a process called pultrusion. This is 
a continuous manufacturing process utilized to make pultruded profiles with constant cross-
sections whereby reinforcements, in the form of roving and mats are saturated with resin and 
guided into a heated die. Once in the die, the resin undergoes a curing process known as 
polymerization. The resin saturated reinforcements exit the die in a solid state in the form of the 
cross section of the die. Figure  2-6 illustrates the pultrusion process.  
                                           
 
 
 
 
    
                               
 
 
Chapter 2 – Literature Review   
15 
 
(a) Pultrusion process (Découverte, 2007) 
               
(b) Pultrusion process (Creative-Pultrusions, 2008) 
Figure  2-6 Pultrusion process  
The first known use of FRPs as reinforcement occurred in 1975 in Russia. There, glass fiber 
reinforced polymer (GFRP) prestressing tendons were used to reinforce a 9 m long, glued timber 
bridge (Bakis, et al., 2002). Significant studies of using FRPs as reinforcement started in Europe 
in the 1980s as an alternative to steel plate bonding for bridge repair and strengthening. FRP 
reinforcements gained significant support during the 1990s in Japan. In 1996, the Japanese 
Society of Civil Engineering introduced design guidelines for FRP reinforced concrete structures 
(JSCE, 1997). Since then, the use of FRP as structural reinforcement has increased exponentially 
and design guidelines have been authored by several organizations from around the world. 
The most common fibres for manufacturing FRP bars are carbon, aramid, and glass (CSA S806-
12, CSA S6-06). Composites containing glass fibres are called glass fiber reinforced polymers 
(GFRP); those containing carbon fibres are called carbon fiber reinforced polymers (CFRP); and 
those reinforced with aramid fibres are referred to as aramid fiber reinforced polymers (AFRP). 
Basalt FRP is a new fiber reinforced composite introduced during the last five years (Vincent et 
al., 2013). FRP bars are anisotropic unidirectional composite materials having different elastic 
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moduli and strength characteristics in the longitudinal compared to the transverse directions. The 
tensile modulus and strength in the fiber direction (longitudinal direction for bars) can be 
estimated by the rule of mixtures. The stress strain is linear up to failure. The transverse modulus 
of elasticity and strength is dependent mainly of the resin properties. Since FRP bars require a 
high fibre content (greater than 50% in weigh) to develop their tensile strength and tensile 
modulus. A photo showing different types of FRP bars with various sizes, surface textures and 
types manufactured from different types of materials from various producers are shown in Figure 
 2-7. 
 
Figure  2-7 Different types and sizes of FRP bars 
2.4.3 Mechanical properties of FRP reinforcing bars 
This section presents testing methods and mechanical properties of bars including tensile 
strength, shear strength, and bond strength.   
2.4.3.1 Longitudinal tensile strength of FRP bars 
When loaded in tension, FRP bars do not exhibit any plastic behaviour (yielding) before rupture. 
The tensile behaviour of FRP bars consisting of one type of fiber material is characterized by 
linearly elastic stress strain relationship until failure. The tensile strength and stiffness of FRP 
bars are dependent on several factors such as fibre content, manufacturing process, type of fibre, 
Helically wrapped GFRP bars  Sand coated CFRP bars  Sand coated HM-GFRP bars  
Grooved-GFRP bars  
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and diameter of the bar. As an example, the tensile strength of GFRP bars varies from 600 to 
1700 MPa, while the tensile modulus varies between 40 to 65 GPa. 
Special anchors are required for tensile tests of FRP bars (ACI440.1R-06, 2006; CAN/CSA 
S806-12, 2012; ASTM D7205/D7205M-06, 2006). The anchors consist of steel tubes inserted at 
the ends of the FRP bar and are subsequently filled with either a polymer resin or a cement-based 
grout as shown in Figure  2-8. Typical longitudinal tensile strength and modulus of elasticity of 
FRP bars are presented in Table  2-1 to Table  2-3. Recent advances in FRP manufacturing and 
classification resulted in GFRP bars produced in three grades known as Grade I (modulus greater 
than 40 GPa), Grade II (modulus greater than 50 GPa), and Grade III (modulus greater than 60 
GPa), according to CSA S807-07 standard. Typical tensile stress versus tensile strain curves are 
shown in Figure  2-9. 
 
Figure  2-8 Anchor length according to (ASTM D7205M) 
 
Band clamp   
Threaded plug for attachment to load 
head not used if anchor is placed in grips 
PVC cap with central 
hole fitting FRP bar 
Steel tube  
Anchor filling 
material 
Threaded, welded or 
clamped plug hole 
fitting FRP bar  
FRP bar  
Outer tube  
Diameter   
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Table  2-1 Typical tensile properties of CFRP and GFRP bars CSA S807-10) 
    Fiber Type Minimum Specified 
Tensile Strength 
(MPa) 
Modulus of Elasticity (GPa) 
Grade I Grade II  Grade III 
Carbon 1100-1300 80 110 140 
Glass 60-750 40 50 60 
Table  2-2 Typical tensile properties of FRP bars (ACI440.1R-06) 
Fiber Types Tensile Strength (MPa) Modulus of Elasticity (GPa) 
Aramid (Kevler 49) 1720-2540 41-125 
Carbon (Toray T300) 600- 3690 120-580 
Glass(E Glass) 483-1600 35-51 
Table  2-3 Tensile properties of FRP bars as specified by different manufacturers  
Manufacturer 
GFRP 
Type  Trade Name 
Tensile 
Strength 
(MPa) 
Modulus of 
Elasticity 
(GPa) 
Ultimate 
Tensile 
Strain % 
Hughes 
Brothers 
CFRP Aslan 200 2068 124 1.67-1.81 
GFRP Aslan 100 620-827 46 1.34-1.79 
Schöck GFRP ComBAR  1000  60  2.61 
Pultrall 
GFRP V-ROD LM 588-804 40-47 1.34-1.89 
GFRP V-ROD SM 703-938 50-59 1.33-1.79 
GFRP V-ROD HM 1000-1372 60-69 1.51-2.11 
CFRP V-ROD 1518-1648 127-144 1.2-1.33 
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Strain % 
Figure  2-9 Typical tensile properties for steel and a range of FRP reinforcements (Prince 
Engineering)  
2.4.3.2 Shear strength of FRP bars  
The behaviour of FRP composites under shear loading is dominated by the matrix properties and 
local stress distribution. The transverse shear may cause matrix splitting without shearing off of 
any fibers. FRP bars are orthotropic and their best properties are in the fiber direction. Most FRP 
bars are relatively week in inter-laminar shear where layers of unreinforced resin lie between 
layers of fibers. Because there is usually no reinforcement across the layers, the inter-laminar 
shear is mostly governed by the relatively weak polymer matrix and matrix-fibre interface. 
Orientation of the fibers in an off-axis direction across the layers of the fibers will increase the 
shear resistance depending upon the degree of the offset. For FRP bars this can be accomplished 
by braiding or winding fibers transverse to the main fibers. Off axis fibers can be placed in the 
pultrusion process by introducing a continuous strand mat in the roving mat creel (ACI440.1R-
06, 2006). The transverse shear strength of GFRP bars is found to vary depending on the bar type 
as shown in Table 2-4 indicated by Gentry 2011 for two types of commercially available GFRP 
bars Bar “A” has a helical wrap with a moderate amount of abrasive surface material to promote 
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bond. Bar “B” is highly textured, with a significant amount of larger-size abrasive material 
GFRP bars of type Ahad lower shear strength compared to type B,  
 Table  2-4 Transverse shear strength of commercially produced GFRP bars (Gentry 2011) 
Bar Size 
Standard 
Cross 
Sectional 
Area 
(mm
2
) 
Trade Name 
Tensile 
Strength 
(MPa) 
Modulus of 
Elasticity 
(GPa) 
Ultimate 
Tensile 
Strain % 
Transverse 
shear 
strength 
(MPa) 
COV% 
Transverse 
shear strength 
(MPa) 
COV% 
#3 71.0 212.5 2.62 235.3 4.74 
#4 129.0 209.7 1.36 192.5 1.99 
#4 200.0 199.2 2.07 188.3 4.44 
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Figure  2-10 Stress-displacement diagram from transverse shear tests; two tests shown. In test (A) both 
failure surfaces form simultaneously, in test (B) the second failure surface forms after the first failure 
surface (Gentry 2011). 
2.4.3.3 Bond strength of FRP bars 
  
Bond of FRP bars to concrete is the key to understanding the composite action of FRP reinforced 
concrete. Bond of FRP to concrete is expected to vary from that of conventional steel.  A wide 
variety of FRP bars is today commercialized. The processes developed to improve bond 
behaviour can be classified into two main categories: deformation of the outer surface (ribbed, 
indented, braided bars) and surface treatments (grain-covered or sand-coated bars). The bond 
properties of FRP bars have been extensively investigated by numerous researchers 
(Benmokrane et al., 1996; Cosenza, et al., 1997; Okelo, 2007). Bond of FRP in concrete was 
investigated through different types of tests, such as pullout tests, splice tests, and cantilever 
beams, to determine an empirical equation for embedment length (ACI 440.1R-06, 2006). A 
Displacement (mm) 
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standard test method for the bond strength of FRP bars (test method B.3) is shown in Figure  2-11 
(ACI 440.3R-04, 2004). 
 
Figure  2-11 Schematic diagram test method for bond strength of FRP bars by pullout testing 
(Test method B.3) ACI 440.3R-04 
Bond failure between steel or FRP reinforcing bars and concrete occurs predominantly in two 
modes: pullout and splitting. If the concrete around the bars is well confined, or the concrete 
cover is large, or the bar embedment length is small, bond failure occurs in pullout mode. On the 
other hand, if the concrete cover is relatively small, and/or the concrete is unconfined, bond 
failure occurs in splitting mode. Literature review shows that the bond strength of FRP bars is 
equivalent to the bond strength of steel bars (ACI 4401R-06, 2006). Equations for calculation of 
basic development lengths of FRP bars are incorporated in different design codes and guides 
(CSA S6-06, CSA S806-12, ACI 440.1R-06, etc.). 
2.5 Shear Behaviour for Members without Transverse Reinforcement 
Many structural concrete members are constructed without transverse reinforcement such as 
slabs, footings, retaining walls and lightly stressed members. Structural elements without shear 
reinforcement working as one way slabs are presented in Figure  2-12. The shear behaviour of 
reinforced concrete elements without transverse reinforcement has generated a lot of research 
since the beginning of the last century. However a clear understanding of shear behaviour of 
Loading Plate  Bond Breaker   
FRP Bar  
Applied Load   
Concrete Block    
Elevation View     
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those elements is still limited. Therefore, most of the  design methods are based on empirical 
formulation by fitting these methods to test results.  
  
(a) Retaining walls   (b) Upper and lower slabs of cut and cover tunnel    (c) Deck slab of bridge.  
Figure  2-12  Structural elements without shear reinforcement working as one way slabs  
An overview of the relevant literature with regard to the studied problem of reinforced concrete 
flexural members without shear reinforcement will be considered. The review will focus on the 
experimental investigations performed on one-way shear behaviour of members reinforced with 
FRP bars. The mechanisms of shear transfer are explained. Then, an overview of the knowledge 
on shear cracking, and differences and transition between the failure modes is given. On the 
basis of the survey of past experimental research, a database of unidirectional FRP concrete 
members shear experiments is compiled. This database will be presented summarized in Chapter 
6 and the histograms of the statistical distribution of the database parameters are given in 
Appendix A and a discussion and conclusions are provided.  
2.5.1 Introduction  
A critical aspect of structural design is ensuring that brittle materials have adequate shear 
strength. A well designed flexural member should be critical in flexure rather than shear, 
however for shear failures, there are no such warnings for members without stirrups. Reinforced 
concrete beams without stirrups and slabs show brittle behaviour as shear failure in these 
members can occur suddenly without sufficient warning. Reinforced concrete members should 
be designed with adequate safety against shear failure. Shear design provisions must to be 
(a) 
(b) 
(c) 
Toe Slab  
Heel Slab  
Stem  
Counter fort   Deck  
Neutral 
Axis 
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accurate and safe. In this research, only the two-dimensional problem of shear in one-way 
members (beam action) is considered in which failure is characterized by a uniform failure 
surface across the member’s width. 
The ACI-ASCE Committee 426 report gives a detailed explanation of the behaviour of steel RC 
beams without transverse reinforcement, including the different shear transfer mechanisms and 
failure modes. The main parameters influencing shear failure are discussed, and empirical 
formulas are given. These equations continue to be the basis of shear design rules in many 
building codes around the world. Design models and analytical methods for structural concrete 
members without transverse reinforcement will be reviewed in light of new developments in 
FRP code provisions.  
2.5.2 Approaches for shear design of structural concrete 
Traditionally, shear dimensioning of structural concrete elements is performed differently on 
members with or without shear reinforcement. Several well-established theories based on 
equilibrium considerations (strut-and-tie models and stress fields) can be applied when shear 
reinforcement is provided, leading to safe design solutions. Theories also considering 
compatibility conditions and the tensile strength of concrete (compression field-based theories 
and fixed-angle softened-truss mode) have also been developed allowing accurate predictions of 
the shear response of transversely reinforced members. The situation is, on the other hand, rather 
different concerning shear in members without stirrups. These members (beams, slabs) are 
instrumental in structural concrete, as the safety of many structural systems relies on them. Their 
shear strength has traditionally been estimated by means of purely empirical or semi-empirical 
expressions.  
Some approaches for the shear design of one-way structural concrete members are introduced to 
engineers through different codes. After reviewing the many different empirical equations for 
shear design, ACI Committee 426 expressed in 1973 the hope that "the design regulations for 
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shear strength can be integrated, simplified, and given a physical significance so that designers 
can approach unusual design problems in a rational manner". More rational approaches for the 
shear design of concrete have been evolved in the last 40 years. Most codes of practice use 
sectional methods for design of conventional beams under bending and shear. ACI Building 
Code 318-95M assumes that flexure and shear can be handled separately for the worst 
combination of flexure and shear at a given section. The interaction between flexure and shear is 
addressed indirectly by detailing rules for flexural reinforcement cut-off points. In addition, 
specific checks on the level of concrete stresses in the member are introduced to ensure 
sufficiently ductile behaviour and control of diagonal crack widths at service load levels.  
2.5.3 Compression field approaches  
The cracked web of a reinforced concrete beam transmits shear in a relatively complex manner. 
As the load is increased, new cracks from pre-existing cracks spread and change inclination. 
Because the section resists moment as well as shear, the longitudinal strains and crack 
inclinations vary over the depth of the beam. The early truss model by Ritter (1899) and Mörsch 
(1920, and 1922) approximated this behaviour by neglecting tensile stresses in the diagonally 
cracked concrete and by assuming that the shear would be carried by diagonal compressive 
stresses in concrete inclined at 45
o
. The diagonal compressive concrete stresses push apart the 
top and bottom faces of the beam while the stirrups pull them together. The Modified 
Compression Field Theory (MCFT) suggests that the shear capacity of an RC beam without 
stirrups is primarily dependent on aggregate interlock, which in turn is dependent on the width of 
the shear interlock, which is dependent on the shear cracks. The crack widths are affected by 
both a size effect, with deeper beams having lower shear capacities, and a strain effect with 
larger longitudinal strains associated with lower shear strengths. It is supposed that these effects 
apply to RC members regardless of the type of reinforcement used (Steel or FRP bars). 
Chapter 2 – Literature Review   
26 
 
2.5.4 Empirical methods  
The simplest approach proposed by Mörsch in 1909 is the first to relate the average shear stress 
at failure to the concrete tensile strength. This empirical approach is presented first because it 
forms the basis of ACI-318-95 (1995) and several other codes of practice. Experimental results 
have shown that the average principal tensile stress to cause secondary diagonal cracking (that is, 
flexure-shear cracking) is usually much less than concrete tensile strength. One reason is (1) - 
The stress concentration that occurs at the tip of initial cracks. Another factor is (2) - The 
reduction in cracking stress due to coexisting transverse compression (Kupfer and Gerstle, 1973). 
Woo and White (1991) have suggested that the reason for the low average stress at flexure shear 
cracking is a (3) – Non-uniform shear stress distribution at the outermost flexural crack as a 
result of a concentration of bond stresses and a reduction of the internal lever arm due to arch 
action in the flexural cracked zone. A simple lower-bound average shear stress at diagonal 
cracking is given by the following equation (in MPa units). 
6
,
c
c
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f
v
bd
V
                                                                                  ( 2-1)   
This equation is a reasonable lower bound for smaller slender beams that are not subjected to 
axial load and have at least 1% longitudinal reinforcement. The ASCE-ACI Committee 445 
(1962b) report presented a more complex empirical equation for calculating the shear capacity of 
beams without web reinforcement (ACI-318-95, 1995). The ACI-ASCE Committee 445 (1973) 
suggested this equation no longer be used. Zsutty (1971) proposed the following empirical 
equation  
3
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where 
`
cf in psi (1MPa = 145.03 psi ).  
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Many other empirical equations have since been proposed. These equations typically contain the 
following parameters:  
1- The concrete tensile strength, usually expressed as a function of
'
cf  
2- The longitudinal reinforcement ratio ρ=As / bw d  
3- The shear span-to-depth ratio da /  or )/( dVM  
4- The axial force or amount of prestress 
5- The depth of the member, to account for size effect.  
6- The maximum size of aggregate.  
The maximum size of aggregate was included in a formula by Bazant and Kim (1984) that is 
based on fracture mechanics. The empirical formula by Okamura and Higai (1980) considers all 
the main parameters: 







da
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d
v cc
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40.1
75.0)(2.0 `
4
1
3
1

                                                                                        ( 2-3)   
where  in a percentage; d in meters and 
,
cf  in MPa.  
This equation may be considered at that time one of the most reliable empirical formulas as 
recent test results on large beams were considered for the size effect. With respect to the various 
empirical formulas, considerable differences exist as a result of the following factors: 1) the 
uncertainty in assessing the influence of complex parameters in a simple formula;  2) the scatter 
of the selected test results due to inappropriate tests being considered (for example bending 
failures or anchorage failures); 3) the poor representation of some parameters in the test for 
example very few specimens with a low reinforcement amount or high concrete strength; and 4) 
the concrete tensile strength not being evaluated from the control specimen. These issues may 
limit the validity of the empirical formulas. 
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2.6 Shear Behaviour of Reinforced Concrete Members 
In reinforced concrete members, Shear failure is by its nature is brittle and catastrophic. It has 
been shown that shear strength of steel reinforced concrete beams is functionally dependent on 
concrete strength, longitudinal reinforcement ratio, and shear span-to-depth ratio, )/( da  
(MacGregor, 1977). Traditionally, shear strength of concrete beams without web reinforcement 
has been empirically estimated using a conservative lower bound approach. The aforementioned 
parameters are addressed in ACI 318 (1999), where shear strength of rectangular beams without 
transverse shear reinforcement and subjected to flexural and shear only is given as 
bdf.bd
M
dV
.f.V 'c
u
u'
cc 290217160 





                                                              ( 2-4) 
The parameter '
cf is intended to represent the influence of the tensile strength of the concrete. 
The parameter )/( da  (approximated by )/( uu MdV reflects the contribution of arching action, 
and the parameter )(  reflects the effect of the quantity of reinforcement on aggregate interlock, 
dowel action, and the depth of the compression zone. 
2.6.1 Mechanisms of shear transfer 
Shear in reinforced concrete flexural members is made up of two terms: 1) beam action as this 
type of shear resistance is associated with plane sections remaining plane; and 2) arch action, or 
strut-and-tie action, and is generally associated with diagonal compression struts in the web tied 
by the flexural tension reinforcement. As strut-and-tie action is geometrically incompatible with 
beam action and since un-cracked concrete obeys the plane sections rule, beam action precedes 
strut-and-tie action, and it must break down before strut action can control shear strengths. The 
extent of the beam action and arch action depends on the shear span to depth ratio )/( da . In 
general, beam action is the governing load transfer mechanism in slender beams, where )/( da  
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ratio is greater than 2.5, whereas arch action is the dominant load transfer mechanism in deep 
beams where )/( da  ratio is less than 2.5. 
The applied shear stress is resisted by a number of mechanisms:  
1) Shear resistance in un-cracked concrete.  
2) Aggregate interlock.  
3) The dowel action of longitudinal reinforcement.  
4) Residual tensile strength across the inclined crack.  
5) Arching action.  
6) The contribution of shear reinforcement to the shear resistance. 
Traditional reinforced concrete design codes generally lump the first five mechanisms into one 
term and refer to it as cV , which is the contribution of concrete to shear resistance of a member. 
The sixth mechanism is referred to as sV , the contribution of the shear reinforcement to shear 
resistance. To find out which mechanism of shear transfer will contribute most to the shear 
resistance of the structural element is a complex issue. Different researchers assign a different 
relative importance to each mechanism of shear transfer in the total shear resistance, resulting in 
different models for members without shear reinforcement. The five mechanisms of shear 
transfer actions contributing to shear resistance are illustrated in Figure 2-12 and will be 
discussed briefly in the following sections.  
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Figure  2-13 Shear transfer actions contributing to shear resistance 
2.6.1.1 Shear stresses in un-cracked concrete 
This type of shear transfer mechanism occurs in un-cracked members or in the un-cracked 
portions of cracked reinforced concrete members.  This type of shear transfer was believed to be 
as the only mechanism contributing to the shear strength in un-cracked concrete members (Kani 
et, al., 1979). This stress state is valid in the un-cracked compression zone for one-way concrete 
members under flexure. The parameters determining the shear capacity of the concrete 
compression zone are: the depth and the width of the compression zone and the concrete 
compressive strength (Taylor, 1974). The integration of the shear stresses over the depth of the 
compression zone gives a shear force component. Failure may occur either by inclined cracking 
or crushing of the concrete depending on whether the principle tensile or compressive stresses 
reach the corresponding concrete strength. Some researchers quantified the contribution of this 
shear mechanism to the total shear force by about 20-40% (ACI-ASCE, 1973). 
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2.6.1.2 The aggregate interlock  
The strength of aggregate interlock results from the resistance to relative slip between the two 
rough interlocking crack surfaces, such as frictional resistance. As long as the crack is not too 
wide, this action can be significant.  
2.6.1.3 Dowel action of longitudinal reinforcement 
The dowel force in the longitudinal reinforcement is the force resisting relative transverse 
displacement between two segments of the member separated by a crack. When reinforcing bars 
cross a crack, shear displacements along the crack will be resisted in part by a dowelling force in 
the bar. The dowel force in combination with the radial forces developed by bond forces give 
rise to vertical tensile stresses in the concrete surrounding the bar and concrete splitting along the 
bar may occur. For this reason, normally dowel action is not very significant in members without 
transverse reinforcement because the maximum shear in a dowel is limited by the tensile strength 
of the concrete cover supporting the dowel. Dowel action may be significant in members with 
large amounts of longitudinal reinforcement, particularly when the longitudinal reinforcement is 
distributed in more than one layer (ASCE-ACI-Committee 445, 1998). A number of 
experimental investigations carried out on dowel action indicated that the dowel shear force is 
between 15% and 25% of the total shear force (ASCE-ACI-Committee 445, 1998). Since this 
mechanism relies on shear deformations at the level of the tension steel, bond characteristics and 
concrete stiffness around the bars play an important role. Taylor  (1974) related the dowel 
splitting force to the side cover of the bars, the distance between the bars, the splitting tensile 
strength and the bar diameter. Figure  2-14 shows the failure modes due to dowel action 
mechanism by dowel forces.  
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Figure  2-14 Dowel action a) failure modes of the mechanism due to dowel force D; (b) stress 
distribution over the width b within a section; c stress distribution along a dowel (Vintzileou, 
1997) 
2.6.1.4 Residual tensile strength across cracks 
The basic explanation of residual tensile stresses is that when concrete first cracks, a clean break 
does not occur. Small pieces of concrete bridge the crack and continue to transmit tensile forces 
up to crack widths in the range of 0.05-0.15mm (ASCE-ACI Committee 445, 1998). The fact 
that there is a significant descending (softening branch after the peak tensile stress is reached has 
been known for some time (Evans and Marathe, 1968).  Reineck (1990) has found that the shear 
stresses across inclined cracks can be related to the residual tensile stresses. These stresses 
provide a significant portion of the shear resistance of very shallow members (for depths less 
than about 100mm) where the width of flexural and diagonal cracks is small.  
2.6.1.5 Interface shear transfer 
This type of shear transfer mechanism relies on the friction along the inclined crack interface, 
which develops due to the relative slip between two surfaces of the crack. It is often called 
aggregate interlock for normal density concrete as the aggregates protruding from the crack 
surface provide resistance against slip. The shear stresses transferred by this mechanism are 
affected by the three different parameters: 1) stresses normal to the crack; 2) crack width, and 3) 
crack slip. Tests conducted to quantify the contribution of the interface shear transfer mechanism 
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indicated that 33% to 50% of the total shear force on a beam may be carried by interface shear 
transfer (ASCE-ACI Committee 445, 1973). 
2.6.1.6 Arch action  
The arching action occurs in deep members or in members where the shear span to depth ratio 
da  (i.e. the distance between the supports to the concentrated load over the effective depth) is 
less than 2.5. This is not a shear transfer mechanism in the sense that it does not transmit 
tangential force to nearby parallel planes. This permits the transfer of a vertical concentrated 
force to a reaction, thereby reducing the contribution of the other types of shear transfer.  The 
development of arch action is strongly affected by cracking behaviour and configuration. Arch 
action starts at the initiation of flexural cracking. The un-cracked concrete represents the arch, 
and the reinforcing bar represents the tie. The arching phenomenon occurs in concrete due to the 
significant difference between its tensile and compressive strengths. The weak strength in 
tension causes cracking due to the application of load. This shifts the neutral axis towards the 
compression face. For such members, a significant redistribution of internal forces can be 
expected after cracking, and a large part of the shear force is transferred directly to the supports. 
In general arch action enhances the strength of a member. For arch action to develop, a 
horizontal reaction component is required at the base of the arch. In beams this is usually 
provided by the tie action of the longitudinal bars. Arch action in restrained slabs is 
schematically indicated in Figure  2-15.  
 
Figure  2-15 Arch action in restrained RC slabs  
External 
Lateral 
Restraint Kr 
Applied load  
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2.6.2 Modes of inclined cracking and shear failure 
A crack will form in the concrete in a certain location when its principle tensile stress reaches the 
cracking strength of the concrete. The crack will form normal to the direction of the principle 
tensile stress. For members subjected to pure axial tension or pure bending, the principle tensile 
stresses are parallel to the longitudinal axis of the member. Cracks due to this action will be 
perpendicular to the member axis. If a cross section of a member is subjected to shear stresses, 
biaxial stress conditions occur. The principle tensile stress directions are inclined to the 
longitudinal axis of the member. If a crack forms at a location where significant shear stresses 
exist, the crack will be inclined to the member axis (Collins and Mitchell, 1997). There are two 
characteristic formulations of inclined cracks that can occur. Depending on the support 
conditions and load distribution, a combination of high shear and low moment, or high shear and 
high moment can occur. Figure  2-16 shows the modes of shear failure in short beams and deep 
beams.  
 
 
 
Figure  2-16 Modes of shear failure in slender and deep beams (ASCE-ACI 426,1973) 
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2.6.3 Factors affecting shear capacity  
Although there is an agreement about the factors affecting the shear capacity, there is 
considerable disagreement in the research community about the factors that most influence shear 
capacity. Generally, the concrete contribution Vc to shear strength of reinforced concrete beams 
and one-way slabs is affected by five principle variables (ASCE-ACI Committee 445, 1998). 
These variables will be discussed briefly in the following sections. 
2.6.3.1 Tensile strength of concrete 
The shear strength of concrete beams without web reinforcement is identified by the formation of 
the critical inclined crack which is related to the tensile strength of concrete. The shear strength 
increases with the increase in concrete tensile strength. There are two types of tests commonly 
used to determine the tensile strength of concrete. The first of these is the modulus of rupture or 
flexural test and the second is the split cylinder test. Because both tests are not routinely 
performed in practice, the concrete tensile strength is usually expressed as a function of the 
concrete compressive strength
,
cf . The tensile strength of concrete varies between 8 and 15% of 
the compressive strength and is approximately proportional to the square root or cubic root of the 
compressive strength (ASCE-ACI Committee 445, 1998). This explains why most of the 
empirical equations predicting shear strength contain either the square root or the cubic root of 
the concrete compressive strength. There is a general agreement among the researchers that the 
shear strength of high strength reinforced concrete (HSRC) beams, unlike the normal strength 
reinforced concrete (NSRC) does not increase, in the same proportion as the increase in the 
compressive strength of concrete (due to brittle behaviour of the High Strength Concrete (HSC)). 
Hence the current empirical equations proposed by most of the building codes for shear strength 
of HSRC beams are less conservative as compared to the NSRC beams. 
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2.6.3.2  Longitudinal reinforcement ratio 
It is widely accepted that the shear strength of concrete beams without stirrups and one- way 
slabs are considerably affected by the tensile reinforcement ratio,  . Tests and analysis have 
shown the shear strength of reinforced concrete beams drops significantly below a value 1.2% 
for the reinforcement ratio (ASCE-ACI, 1973). The reduction in the shear capacity of concrete 
beams reinforced with low reinforcement ratio can be attributed to deeper and wider flexural 
cracks as compared to beams reinforced with higher amount of reinforcement. Deeper flexural 
cracks reduce the size of the compression zone thereby reducing the contribution of the un-
cracked concrete to the shear strength. Wider cracks in turn, result in reduction in the shear 
strength contributions of interface shear transfer and residual tensile stresses (El-Sayed, 2006b). 
Additionally low amounts of longitudinal reinforcement reduce the contribution of the dowel 
action to shear strength. The modulus of elasticity of FRP reinforcement is lower than the 
modulus of elasticity for steel, fiber reinforced polymer reinforced specimens possess fairly low 
effective reinforcement ratios and are susceptible to the influence of low reinforcement ratios on 
shear strength. As the flexural reinforcement ratio is increased, test results indicate that there is a 
corresponding and significant increase in shear strength as presented in Figure  2-17.  
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Figure  2-17 Effective reinforcement ratio ρeff  (%) 
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2.6.3.3 Shear span to depth ratio 
Previous studies (Zsutty, 1971) have highlighted the important contribution of the shear span to 
depth ratio )/( da  to the shear strength of concrete beams.  The effect of )/( da  on the shear 
resistance of FRP-reinforced concrete members has been confirmed by many authors (Razaqpur, 
et al., 2004, El-Sayed, et al., 2006a, and Razaqpur, et al., 2011). The ratio )/( da does not only 
affect the shear capacity of reinforced concrete beams, but also affects the mode of failure. It is 
also considered as a measure of the contribution of the arch action, which enhances the strength 
of a member. It has been recognized that the arch action is significant in a beam with a/d less 
than 2.5 as most of the shear stresses after cracking can be transmitted directly to the supports by 
a compression strut. Thus prediction equations of the shear strength are divided into two 
categories bya/d: 1) one for slender members with a/d greater than or equal 2.5 and, 2) for deep 
beams where a/d  is less than 2.5.  
2.6.3.4 Axial force 
The shear strength of a member is affected by the externally applied axial force. It is well known 
that axial tension decreases the shear strength of these members, and axial compression enhances 
the shear resistance (ASCE-ACI Committee 445, 1998). Axial compression tends to increase the 
shear strength by delaying cracking and limiting the penetrated depth of the crack into the 
member. On the other hand, the initial flexural crack will occur earlier in the member with axial 
tension and will extend further resulting in a reduction in the shear resistance. Members without 
shear reinforcement subjected to large axial compression and shear may fail in a very brittle 
manner.  
2.6.3.5 Depth of the member  
It has been commonly observed that as the size of a member increases, a proportionate increase 
in shear strength does not result. In other words, doubling the size will not result in doubling the 
strength. Many previous tests have shown that the shear strength of members shows a size effect. 
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In 1967, Kani has shown that the nominal shear strength of concrete beams without shear 
reinforcement )/(bdVv uu   decreases with the increase of the cross sectional depth d. Kani’s 
experiments showed that vu was reduced to about 50% when the effective depth of the beam was 
increased from d = 200 mm to d = 800 mm. This strength reduction is very significant. Shoya et 
al. (1989) extended the scope of the experiments to beams with a depth of 3000 mm. The test 
results of their investigation showed that the average shear stress to cause failure of the largest 
beam d = 3000 mm was about one third the average shear stress to cause failure of the smallest 
beam d = 200 mm. There is a general agreement that the main reason for the size effect is the 
larger width of the diagonal cracks in larger beams (ASCE-ACI 1998). Larger crack widths 
decrease the contributions of the interface shear transfer and the residual tensile stress 
mechanisms to shear strength and hence, reducing the shear stress causing failure vu.  
Two distinct schools of thought exist regarding the reasons for the relative reduction in  cV  
caused by the increase in beam depth.  Bazant and Kim (1984) argued that size effect is a 
fundamental property of brittle materials, such as concrete. Such behaviour is governed by 
principles of fracture mechanics and the energy release rate on cracking. Collins and Kuchma 
(1999) postulated that crack width and crack spacing increase with increasing beam depth, which 
leads to reduction in the aggregate interlock mechanism resistance.  Razaqpur et al., (2011) favor 
the latter explanation and are of the opinion that the effectiveness of the longitudinal 
reinforcement to restrain crack width is limited to a certain radius from the reinforcement 
(influence zone). In large size beams, the length of the flexural-shear cracks could be 
substantially longer than the radius of the reinforcement influence zone, which could render a 
certain part of the crack length unrestrained by the reinforcement, leading to a wider crack size 
(about mid-height of the beam), and resulting in less shear resistance through aggregate 
interlock. This opinion is on the basis of observation that the presence of either distributed 
longitudinal reinforcement along the beam height or of transverse shear reinforcement essentially 
eliminates the size effect on shear (Collins and Kuchma 1999). 
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The shear stress normalized by '
cf  was plotted versus the effective depth as shown in Figure 
 2-18. As shown, there is a decreasing trend of shear strength as the beam size is increased when 
the data is considered on average. 
 
Figure  2-18 Effect of member’s depth (Frosch, 2009) 
2.6.4 Shear capacity of FRP reinforced flexural members without shear 
reinforcement  
Research on shear capacity of FRP flexural members without shear reinforcement has indicated 
that the concrete shear strength can be evaluated by taking into account the axial stiffness of 
tensile reinforcement (CSA S806). For equal amounts of flexural reinforcement, the lower 
modulus of elasticity of FRP results in a lower longitudinal reinforcement stiffness than steel 
bars. In a flexural member reinforced with FRP bars, flexural cracks will penetrate deeper into 
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the section, and wider cracks will form when compared to member reinforced with steel bars 
(with equal amount of tensile reinforcement). Deeper flexural cracks decrease the depth of the 
compression zone, thereby reducing the contribution of the un-cracked concrete to the shear 
strength. Wider cracks on the other hand, may result in reduction in the shear strength 
contribution for the aggregate interlock as well as from the residual tensile stresses. Additionally 
the relatively small transverse strength of FRP bars coupled with increased crack widths may 
result in the negligible effect of the dowel action. Eventually, the overall shear capacity of 
concrete members reinforced with FRP bars as flexural reinforcement is lower than that the shear 
capacity of the concrete members with steel bars (with same amount of reinforcement). Research 
on the concrete shear strength can be evaluated taking into account the axial stiffness of the 
tensile reinforcement.  
Michaluk, et al., (1998) tested to failure eight one-way concrete slabs with different 
reinforcement materials. Five specimens were reinforced with GFRP bars, one with CFRP bars, 
and two were reinforced with conventional steel bars. The dimensions of the slabs were 3500 
mm by 1000 mm respectively with a clear span of 3000 mm. The slabs had two thicknesses of 
150 and 200 mm. Two reinforced concrete slabs with respective different reinforcement ratios of 
1.01 b

, 1.25 b

, ruptured in shear at strength lower than the predicted flexural capacity. The 
lower shear capacity of the two GFRP reinforced slabs was attributed to the large crack width 
and depth of cracks that significantly reduced the shear transfer resulting from aggregate 
interlock and transfer through the compression zone.  
Deitz et al. (1999) tested four one-way concrete deck panels reinforced with GFRP 
reinforcement as well as eight companion panel specimens reinforced with steel bars. The panels 
having dimensions of 190 mm x 305 mm x 2970 mm were tested under two point loading 
system. The GFRP reinforced panels ruptured in diagonal tension failure mode.  
Alkhardaji, et al., (2001) tested to failure a total of 3 beams without stirrups and 6 one- way slabs 
aiming to investigate their shear performance. The 178 mm x 330 mm x 2400 mm beams were 
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tested under one point loading system over a simply supported clear span of 1500 mm. While the 
2700 mm length and 460 mm width slab specimen with 100 mm or 200 mm thick were tested 
under two point load-system over a simply supported clear span of 2100 mm. This experiment 
was mainly aiming to verity the shear design approach proposed by the ACI Committee 440. The 
slabs were reinforced with different amounts of longitudinal FRP flexural reinforcement. The 
reinforcement ratios ranged between 1.96 and 5.76 fb  for the beams, while it ranged between 
1.98 fb  and 4.71 fb  for the slabs. Through the results of this study, it was found that an 
increase in the amount of the longitudinal reinforcement significantly increases the shear strength 
of beams. In addition, the test results showed that the shear design approach proposed by the ACI 
440.1R-01 (2001) guide is very conservative. Due to the flexural failure mode, actual shear 
strength of the tested slabs could not be determined. According to this research, it was found that 
for over reinforced slabs with fbf  /  greater than 2; the actual shear strength of the slabs could 
be at least 1.5 times higher than that predicted using the equation of ACI 440.1R-01(2001) guide. 
Yost, et al., (2001) investigated the shear capacity, cV  of simply supported concrete beams 
subjected to two point monotonic loading. The beams were reinforced for flexure with GFRP 
bars. Six different over reinforced GFRP designs, ρ = 2.1 fb  to 4.32 fb , along with one steel 
reinforced beam were tested. For each design, three identical specimens were fabricated, such 
that a total of 21 beams were tested. No shear or compression reinforcement was provided in any 
of the tested specimens. The total length and depth of the test specimens were 2286 mm and 286 
mm, respectively. While the width varied between 178 mm and 254 mm. Figure  2-19 shows the 
cross section details, test setup and dimensions of test specimens.  The shear span to depth ratio 
for all test beams was approximately 4.0. This investigation concluded that the amount of 
longitudinal reinforcement has no significant influence on the shear capacity of beams reinforced 
with GFRP bars for the used reinforcement ratios  (2.1 fb  to 4.32 fb ), and that the use of 
simple empirical equations to estimate the shear strength is appropriate. The characteristics of 
Chapter 2 – Literature Review   
42 
 
shear failure for FRP reinforced concrete beams are similar to that of steel reinforced beams. 
However the shear strength is significantly lower for GFRP reinforced concrete beams compared 
to steel reinforced concrete beams.  
  
Figure  2-19 Cross section details test setup and dimensions (Yost, et al., 2001) 
 
The shear behaviour of slender concrete beams reinforced with FRP bars have been investigated 
by Tureyen and Frosch (2002) considering the differences in the modulus of elasticity of FRP 
and steel reinforcing bars.  In this study, Tureyen and Frosch tested nine full scale reinforced 
concrete beams of 3962 mm length, 457 mm width and 360 mm effective depth. The total depth 
of test specimens were 406 for specimens containing one layer of reinforcement and 427 for 
beams containing two layers of reinforcement. The specimens were simply supported and loaded 
with concentrated load at mid-span. The shear span to depth ratio, )/( da  was 3.4. Three types of 
steel reinforcement with varying yield strengths were used in this investigation. The longitudinal 
reinforcement ratio was varied from 0.36 to 2%. The test results of this study indicated that the 
flexural concrete members reinforced with FRP bars can fail in shear at loads considerably lower 
than those reinforced with an equivalent area of steel bars. The reduction in shear strength was 
found to be a function of the axial stiffness of the tensile reinforcement. Furthermore, Tureyen 
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and Frosch (2002) reported that the calculated shear strengths of FRP bar reinforced specimens 
using ACI 440.1R-01 method were very conservative. They also recommended that the ACI 440 
shear design provision to be re-examined for improved accuracy.  
Tariq and Newhook (2003) conducted an experimental investigation to study the influence of the 
longitudinal reinforcement properties on the shear strength of concrete beams with no transverse 
reinforcement. A total of 18 beams reinforced with steel, glass FRP, and carbon FRP bars were 
tested up to failure in shear. The test beams were divided into three different series with three 
different reinforcement ratios (ρ = 0.72, 1.1 and 1.5%). Each series included six beams having 
the same reinforcement ratio with two identical beams for each reinforcement type. The shear 
span to depth ratio was kept within the limits of 2.5 to 6. The beams had a total length of 3000 
mm and were tested under four point bending over a simply supported clear span of 2500 mm. 
The cross sectional depth of the beams was 130 or 160 mm. The test results of this investigation 
indicated that the concrete shear strength decreased with the decrease of the modulus of elasticity 
of the reinforcing bars.  The beams reinforced with steel bars experienced the highest shear 
strength followed by the beams reinforced with carbon bars and then by beams reinforced with 
glass FRP bars.  
Razaqpur, et al., (2004) tested seven beams in bending to determine the concrete contribution to 
their shear resistance. The beams had similar dimensions and concrete strength and were 
reinforced with CFRP bars for flexure without transverse reinforcement. The beams were 
designed to fail in shear rather than flexure. The test variables were the shear span to depth ratio, 
varying from 1.82 to 4.5, and the flexural reinforcement ratio, varying from 1.1 to 3.88 times the 
balanced reinforcement ratio. Figure  2-20 shows the test beams and dimensions. The test results 
were analyzed and compared with the corresponding predicted values using the American 
Concrete Institute, the Canadian Standard, and the Japan Society of Civil Engineers JSCE fiber 
reinforced polymer design recommendations. Based on these results and previous experimental 
data, it was shown that the ACI recommendations were extremely conservative whereas the 
Canadian and JSCE recommendations, albeit still conservative, are in closer agreement with the 
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experimental data. Overall the Canadian Standard’s predictions are in better agreement with 
experimental data than the JSCE predictions.  
 
Figure  2-20 Dimensions of test specimens (Razaqpur et al., 2004) 
El-Sayed, et al., (2005) evaluated the shear strength of one-way concrete slabs reinforced with 
different types of FRP bars. A total of eight full-size slabs were constructed and tested. The slabs 
were 3100 mm long x 1000 mm wide x 200 mm deep. The test parameters were the type and size 
of FRP reinforcing bars and the reinforcement ratio. Five slabs were reinforced with glass FRP 
and three were reinforced with carbon FRP bars. The slabs were tested under four-point bending 
over a simply supported clear span of 2500 mm and a shear span of 1000 mm. All the test slabs 
ruptured in shear before reaching the design flexural capacity. The effect of the reinforcement 
ratio on the shear strength of the slabs for different types of bars is presented in Figure  2-21. The 
experimental shear strengths were compared with the JSCE recommendations, the CSA-S806-02 
code, and the ACI-440.1R-03 design guide. The results indicated that the ACI-440.1R-03 (2003) 
design method for predicting the concrete shear strength of FRP slabs is very conservative. 
Better predictions were obtained by both the CSA-S806-02 (2002) code and the JSCE (1997) 
design recommendations. 
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Figure  2-21 Effect of reinforcement ratio (El-Sayed et al. 2005) 
El-Sayed, et al., (2006a) investigated the behaviour and shear strength of concrete slender beams 
reinforced with FRP bars. A total of nine large-scale reinforced concrete beams without stirrups 
were constructed and tested up to failure. The beams measured 3250 mm long, 250 mm wide and 
400 mm deep and were tested in four-point bending. Test setup dimensions and cross sectional 
details are shown in Figure  2-22. The test variables were the reinforcement ratio and the modulus 
of elasticity of the longitudinal reinforcing bars. The test beams included three beams reinforced 
with glass FRP bars, three beams reinforced with carbon FRP bars, and three control beams 
reinforced with conventional steel bars. The test results of this investigation revealed that the 
concrete shear strength of concrete beams reinforced with FRP bars to that of beams reinforced 
with steel )/( ccf VV is proportional to the cubic root of axial stiffness ratio between FRP and steel 
reinforcing bars 3 ssff EE   
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Figure  2-22 Test setup dimensions and cross sectional details (El-Sayed et al. 2006)   
All dimensions are in mm 
For all beams 
-The clear spacing between the two layers of reinforcement is 30mm; 
-The side clear cover is 35mm; and  
-The veerical clear cover ranges between 46 and 53mm.    
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Guadagnini, et al., (2006) investigated the shear behaviour of concrete beams reinforced with 
FRP reinforcement. Six beams were subjected to two successive phases of testing. Half of the 
beams were reinforced in ﬂexure with conventional steel reinforcement, while the other half 
were reinforced with glass ﬁber bars. Different )/( da  ratios, ranging from 1.1 to 3.3, were 
analyzed in order to study the variation in the shear behaviour of beams characterized by 
different types of shear failure. No shear reinforcement was provided in the ﬁrst phase of testing, 
while in the second phase, just enough glass and carbon shear reinforcement was provided to 
enable failure due to shear. The results of these tests were presented and compared to predictions 
according to the design recommendations proposed by the ACI 440 and the Institution of 
Structural Engineers (U.K).  
The conclusions of this study indicate that the concrete shear resistance was found to be much 
higher, by up to almost 200%, than estimated by the current design equations. Similar shear 
failure modes were developed in GFRP RC beams and in steel RC beams, suggesting that the 
shear carrying mechanisms are mobilized in a similar manner, thereby justifying the extension of 
the design principles adopted for steel RC to FRP RC elements (Guadagnini, et al., 2006). 
Sherwood et al., (2006) demonstrated that the width of a member does not affect the shear stress 
at failure for steel reinforced concrete members indicate that the MCFT could be used for both 
beams and one-way slabs. Bentz, et al., (2006) found that despite of the brittle nature of the FRP 
reinforcement, FRP reinforced beams could behave similarly in shear to steel reinforced concrete 
beams. 
Alam (2010) performed an experimental investigation on the shear behaviour of FRP reinforced 
concrete members without web reinforcement. The experimental investigation was carried out to 
investigate the effect of different parameters on the behaviour and concrete contribution to the 
shear strength. A total of thirty-six beams reinforced with GFRP, CFRP, and steel bars were 
tested. The test parameters were shear span-to-depth ratio )/( da , depth of beam )(d , 
Chapter 2 – Literature Review   
48 
 
longitudinal reinforcement ratio )( , concrete compressive strength )(
'
cf , and reinforcement 
type. Each of the parameters was investigated while keeping all other parameters constant. The 
structural behaviour the tested beams with regard to the deflections, strains, modes of failure, and 
ultimate capacity was examined. The test results revealed that there is an effect of the 
investigated parameters on the shear strength of the beams. Based on the experimental results, a 
shear design method was proposed to determine the concrete contribution to the shear strength of 
FRP reinforced rectangular concrete beams without transverse reinforcement. 
Razaqpur et al. 2011 performed an experimental investigation to determine the effects of shear 
span-to-depth ratio )/( da  and beam depth, or size, on the concrete contribution to the shear 
resistance of beams longitudinally reinforced with CFRP bars. One of the features of the study 
was the unsymmetrical nature of the applied load, which creates two distinct )/( da  ratios in the 
same beam and allows the effect of the )/( da  ratio on shear strength to be clearly seen. Six 
simply supported large size CFRP reinforced concrete beams without shear reinforcement were 
tested, each under a single concentrated load. The test variables were the )/( da  ratio, varying 
from 1.0–11.5 and the beam depth varying from 200–500 mm. Figure  2-23 presents the test 
setup beam cross sections and strain gage locations. All the beams ruptured in shear, but the 
failure load and location for some of these beams could not be predicted by the shear design 
recommendations of American Concrete Institute (ACI) Committee 440. The reason was that 
these recommendations do not account for the effects of )/( da and beam size on shear strength. 
Suggestions were made for the inclusion of these parameters in the shear design equations. 
                  
Figure  2-23 Test setup cross sections and strain gage locations (Razaqpur et al., 2011)   
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2.7 Shear Design Equations in Codes and Guidelines for FRP Reinforced 
Concrete Members  
Most of the current design provisions for FRP reinforced concrete beams follow the same 
approach as conventional steel reinforced concrete design methods, using the well-known Vc +Vs 
format to compute the shear resistance of FRP reinforced concrete members. Research efforts to 
modify design codes and guidelines are being in effect to enhance the degree of conservatism 
while maintaining conservative predictions.  
 
In this section, the design equations used to compute cV  as recommended by the American 
Concrete Institute (ACI 440.1R-06), and the Japan Society of Civil Engineers (JSCE 1997) are 
presented. Recent updates to the Canadian Standards Association (CSA) codes, CSA S806-12 
(2012), and CSA-S6./S1 (2010) are also included. These design equations address the unique 
characteristics of FRP reinforcement affecting the shear behaviour of flexural members in 
different manners. In the following section, only equations concerning the shear behaviour of 
FRP-RC members without shear reinforcement are considered. 
2.7.1 ACI 440.1R-06 guidelines 
The American Concrete Institute has revised the shear equations of ACI 440.1R (ACI440.1R-06, 
2006) for a third time based on the work of Tureyen and Frosch (2003). According to this 
revision in 2006, the concrete shear capacity (Vc) for concrete members reinforced with FRP bars 
can be assessed with this equation:  
cbfV wcc
`
5
2
   (SI units)                                                                                            ( 2-5)                      
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where 
'
cf is the concrete compressive strength; wb  is the section width; c is the neutral-axis depth 
of the cracked transformed section for singly reinforced rectangular sections calculated as 
kdc  , the value of k is calculated as: 
  ffffff nnnk   22                                                                             ( 2-6)                      
where ρf is FRP reinforcement ratio and cff EEn / , where fE  and cE  are the moduli of 
elasticity of the FRP bars and concrete, respectively; dbA wff / . 
2.7.2 JSCE design recommendations  
The Japan society of civil engineering (JSCE, 1997) recommends the following expression for 
shear strength (Vc) of FRP reinforced concrete members: 
bwvudndc dbfV   /                          ( 2-7)                                                    
where  
  ;5.1/1000 4
1
 dd                         ( 2-8)                                                    
;5.1)/100( 3
1
 sffp EE                         ( 2-9)                                                    
21  don MM  for Nd
’
 ≥0;                      ( 2-10)                                                      
01  don MM  for Nd
’
 <0;                                      ( 2-11)                                                    
fvud=0.2 fmcd
1/3
 ≤0.72;                       ( 2-12)                                                    
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where; b  = strength reduction factor, generally equal to 1.3, oM  = decompression moment, dM  
= design bending moment, dN  = design axial compressive force, and n  =1 for sections without 
axial force resultant. According to this guide, the concrete contribution to the shear strength has a 
limiting value. The JSCE expression accounts for the size effect on the shear strength, but it 
ignores the effect of shear span-to-depth ratio (a/d) and therefore neglects the arching action 
effect on the shear strength. Also, if a section has no longitudinal reinforcement, the equation 
will give zero shear strength. 
2.7.3 Canadian Standards Association (CSA) 
2.7.3.1 CSA S806-12 design provisions 
The Canadian Standards Association has revised the CSA S806-02 (2002) based on the work of 
Razaqpur and Isgor (2006), and Razaqpur and Spadea (2010) to determine cV  in FRP reinforced 
concrete members. These modifications were intended to overcome the shortcomings of CSA 
S806-02 (2002). Their hypothesis was that the total shear resistance of a member not subjected to 
axial forces, cV , is the sum of the contributions of the uncracked (plain) concrete, 1cV , and the 
aggregate interlock mechanism 2cV . In this method, the effect of the interaction between the 
factored moment and the factored shear at section on its shear strength, the effect of 
reinforcement rigidity, and the effects of arch action and beam size on the shear strength of 
flexural members are considered. 
Determination of cV  for sections having an effective depth not exceeding 300 mm and with no 
axial load acting on them is stated in the Clause 8.4.4.5 of CSA S806-12 (2012) and calculated 
using the following equation: 
Chapter 2 – Literature Review   
52 
 
  vw`csarm dbfkkkk.V CC
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050                                  ( 2-13)   
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The calculated cV  should be in the range of 0.11 C  fc
’0.5
bwdv to 0.22
C
  fc
’0.5
bwdv and fc` shall not 
be taken more than 60 MPa; λ is a factor to account for concrete density; 
C
  is a concrete 
resistance factor; km  is a coefficient taking into account the effect of moment on the section on 
shear strength; kr is a coefficient taking into account the reinforcement rigidity; bw is the 
minimum effective web width; dv is the effective shear depth taken as the greater of 0.9d or 
0.72h; fV is the factored shear force; d is the distance from the extreme compression fiber to the 
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centroid of longitudinal tension force; fM  is the factored moment; fE   is the modulus of 
elasticity of the FRP reinforcement; and fw   is the longitudinal FRP reinforcement ratio.  
where ka should not exceed 2.5.  
2.7.3.2 Canadian Highway Bridge Design Code (CHBDC)  
The shear design provisions of the CHBDC (CSA-S6.1S1, 2010), for FRP reinforced members 
provides the following equation for the calculation of the concrete contribution to the shear 
strength. 
vwcrcc dbfV 5.2                                                                                                             ( 2-18) 
  where   is a factor can be calculated using either the simplified or the general method for the 
simplified method and in the case of sections that contain at least the minimum amount of 
transverse reinforcement,  =0.18.  For the case of sections in members without transverse 
reinforcement where the distance between the shear point and the face of the support is less than 
3dv, β shall be equal to 0.18   In case of other sections that do not possess transverse 
reinforcement but the maximum nominal size of aggregate is not less than 20mm, β shall be 
equal to 230/(1000 + dv). Otherwise in cases of sections without transverse reinforcement, β 
could be determined for all sizes of aggregate as 230/(1000 + sze); the crack spacing sze = 35sz/(15 
+ ag). In all cases, sze should not be less than 0.85sz.  Crack spacing parameter sz  should have the 
value of  dv or the distance between the shrinkage reinforcement layers, each intermediate layer 
has at least 0.003bwsz. 
The general method for calculating  : 
 zex
S
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
                                                       ( 2-19)                      
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2.7.4 Evaluation of concrete shear strength cV models  
Several authors addressed the evaluation of the concrete contribution to the shear strength cV  in 
different codes and guidelines. The concrete contribution Vc is different in the manner that it has 
been proposed in these codes and guidelines. Most of the shear design provisions in these codes 
and guides are based on the design formulas for conventional steel reinforced concrete members 
after applying some modifications to account for the difference between steel and FRP 
reinforcement properties. The following section summarizes previous research efforts which 
were done in this area.  
Nehdi et al., (2007) compared the shear design methods for beams without shear reinforcement 
in calculating the shear strength of FRP reinforced concrete beams through a data base collected 
from the literature. They concluded that the ACI 440.1R-06 is considerably improved compared 
to that of ACI 440.1R-03. The authors referred this enhancement due to the assumption of the 
2003 version of the ACI guidelines. The assumption is that the shear strength of FRP reinforced 
beams increases linearly with axial rigidity, flflE , of the longitudinal reinforcement and 
decreases as the compressive concrete strength increases. The first assumption leads to 
overestimating the shear capacity of highly reinforced concrete beams, especially beams 
reinforced with CFRP bars with high flE , whereas the latter assumption yields very conservative 
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shear strength of FRP reinforced concrete beams without stirrups. The improved equation of 
ACI440.1R-06 (2006) properly assumes that the shear strength cfV is a function of the concrete 
compressive strength
'
cf , the longitudinal reinforcement ratio fl , and the modular ratio sfl EE / . 
The authors concluded that the shear strength equations proposed by the CSA-S806-02 (2002), 
the JSCE, (1997), and ISIS Canada-Manual 03-01 (2001) generally provided similar results to 
that of ACI 440.1R-06; yet they are still overly conservative, even before applying reduction 
factors, with an average measured to calculated shear strength calm VV / of 1.69. It was concluded 
that the equation proposed by the authors provided the most accurate results. The equation was 
similar to that of CAN/CSA-S806-02 (2002).  
El-Sayed and Soudki (2011) reviewed five different methods of shear design, used in design 
practice: ACI 440.1R-06, CSA-S806-02 (2002), ISIS.M03-07 (2007), BRI (1995), and JSCE 
(1997). The authors compared the five methods to an experimental database extracted from the 
literature. The modified compression field theory (MCFT) was reviewed and compared to the 
experimental database. The database included 112 specimens without stirrups including 102 
beams and 10 one-way slabs. For members without stirrups, the analysis concluded that all five 
design methods provide conservative predictions with average value of predVV /exp  greater than 1. 
However, the predictions varied by more than 70% between the most and the least conservative 
predictions. El-Sayed and Soudki (2011) noticed that the CSA S806-02, and the JSCE, which 
include equations accounting for the effect of axial stiffness of the longitudinal bars raised to a 
power of 1/3, resulted in more accurate predictions.  
The MCFT approach developed by Vecchio and Collins (1986) is considered the basis of the 
CSA A23.3 (CSA-A23.3-04, 2004) code. The equations were verified for beams with and 
without stirrups. The most accurate results were obtained through the modified equation by 
Hoult, et al., (2008). It was found that equations provided conservative average ratio of 
predVV /exp  of 1.17. In comparison with all the design approaches, the authors found that the 
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MCFT-based equations gave the most accurate predictions with the least scattered predictions 
and with no predictions in the un-conservative side. 
The degree of conservatism of the predicted results for GFRP and CFRP reinforced beams, using 
ACI 440.1R-06 (2006), CSA-S806-02 (2002), and JSCE (1997) shear design methods, are shown 
in Figure  2-24 and Figure  2-25, respectively (Alam, 2010).  
 
 
Figure  2-24 Degree of conservatism for different design guidelines for GFRP reinforced 
specimens (Alam 2010)  
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Figure  2-25 Degree of conservatism for different design guidelines for CFRP reinforced 
specimens (Alam, 2010) 
 
2.7.5 Conclusion on review on shear design equations  
The shear behaviour of concrete elements is a complex phenomenon influenced by many 
parameters. For members not containing shear reinforcement, shear failure can occur without 
warning and typically involves the opening of a major diagonal crack. Elements reinforced with 
FRP bars have lower shear strength than steel reinforced elements due to their characteristics that 
requires special attention in design.  
The preceding discussions of the proposed design methods of the available design codes and 
guidelines reveal that there are some shortcomings. Some of the methods require comprehensive 
understanding of the different parameters while others do not consider all the shear design 
parameters. Therefore, a more refined shear design method which addresses some of the 
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shortcomings in the existing equations in still lacking and factor contributing to shear capacity 
and how does shear capacity change with the different factors still need more verification.  
Previous methods of estimating the shear capacity of FRP reinforced beams without transverse 
reinforcement have often relied on modifying existing equations for steel reinforced sections. 
The current equations in CSA A23.3-11 and CSA-S6.1-S1 2010 are based upon the modified 
compression shear theory (MCFT) and, thus, consider shear capacity to be based upon material 
models as opposed to modification factors. The MCFT suggests that the shear capacity of an RC 
beam without stirrups is primarily dependent upon the aggregate interlock which in turn is 
dependent on the width of shear cracks. These crack widths are affected by both a size effect 
with deeper beams having lower shear capacities and a strain effect with larger longitudinal 
strains associated with lower shear strengths. It is suggested that these effects apply to RC 
members regardless the type of reinforcement used.  
Developing theories for the shear strength of reinforced concrete elements have been a 
worldwide effort for more than 40 years (Collins et al., 2008).  MCFT have been recently proven 
to be applicable to FRP reinforced concrete members. Previous shear design methods of FRP 
reinforced concrete members were mostly empirical and designed to fit a limited set of shear test 
results that are available in the literature. These methods may not properly predict the shear 
strength for a range of parameters outside the experimental results (El-Sayed et al., 2006a). 
Recent developments proved that FRP reinforcement does not change the one-way shear 
behaviour of reinforced concrete slabs (Hoult, et al., 2008). Steel reinforced shear design 
theories are found to be applicable to FRP reinforced concrete slabs experiencing one-way shear 
(El-Sayed and Soudki; 2011, and Liu et al., 2012). Those research findings are based on limited 
amount of experimental data of FRP reinforced concrete especially for one-way slabs. Thus; it is 
urgent to develop more experimental data using the new generations of GFRP bars and high 
strength concrete to validate the applicability of available models and/or to develop more refined 
models for the shear design of one-way FRP RC slabs. 
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CHAPTER 3    EXPERIMENTAL PROGRAM 
3.1 General  
To fulfill the objectives of this research, an experimental program has been designed to 
investigate the shear behaviour and failure mechanisms of one-way FRP reinforced concrete 
slabs under two point concentrated loads.  The test variables included the type of reinforcement, 
reinforcement ratio, reinforcement spacing, bar diameter, concrete compressive strength, 
reinforcement arrangement, and modulus of elasticity of the reinforcement. This chapter presents 
the details of the test specimens, fabrication, instrumentation, test setup, and test procedures. 
Detailed characteristics of the materials used in this research program are also described in this 
chapter.  
3.2 Experimental Program  
The main objective of the present research is to evaluate the shear strength capacity of one-way 
concrete slabs reinforced with different types of FRP bars. A total of 22 full-size slabs were 
constructed and tested. The slabs were 4000 mm long x 1000 mm wide x 200 mm deep.  Only 
longitudinal tensile reinforcement was used in order to measure the shear strength provided by 
concrete. The tested slabs were designed to fail in shear rather than flexure. The test program is 
summarized in Figure  3-1 including the objectives and the test parameters.  
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Parameters Objective Relevance 
Reinforcement Ratio
43.254.0  % 
Concrete Compressive 
Strength NSC kNfc 35
'   
HSCa 50
' cf kN HSCb
65' cf kN 
Effect of 
Reinforcement 
Ratio 
 
Contribution of 
Dowel Action 
Reinforcement Grade LM-
GFRP HM-GFRP CFRP 
and Steel 
Effect of 
Reinforcement 
Grade 
Axial and Shear 
Stiffness of 
Reinforcement 
Effect of the 
Concrete 
Compressive 
Strength 
Contribution of Un-
cracked Concrete and 
Aggregate Interlock 
Reinforcing Steel and FRP 
Type I & FRP Type II 
(Steel, FRP Helically 
Wrapped and FRP Sand 
Coated) 
Effect of 
Reinforcement 
Type & Surface 
Texture 
Effect of changes in 
Bond Characteristics 
Reinforcement 
Configuration, Single and 
Bundled Bars 
Effect of 
Reinforcement 
Configuration and 
Bond Properties 
Bond splitting stresses 
& splitting cracks. 
Figure  3-1 Summary of the test program  
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3.3 Materials  
3.3.1 Reinforcement  
The reinforcing materials used in this investigation were Glass FRP (GFRP) and Carbon FRP 
(CFRP) bars, and conventional steel bars. Two types of GFRP bars and one type of CFRP bars 
were used in the testing program: 1) Type I GFRP bars - Aslan
TM
 100 series - manufactured by 
Hughes Brothers Inc. (Seward, Nebraska, USA). These bars have a slight surface undulation 
created by an external helical wrap along with a sand coating. 2) Type II GFRP bars - V-ROD
TM
 
- manufactured by Pultrall Inc. (Thetford Mines, Quebec, Canada). These bars have a sand 
coated surface.   Two Grades of GFRP V-ROD bars were included in the testing (CSA S807-10): 
Grade I (modulus of elasticity 40 GPa), and Grade III (modulus of elasticity 60 GPa). 3) CFRP 
bars - V-ROD
TM
 - manufactured by Pultrall Inc. (Thetford Mines, Quebec, Canada). These bars 
have a sand coated surface. The diameters (sizes) and longitudinal tensile properties of the FRP 
bars, as specified by the manufacturers, are given in Table  3-1.  Deformed steel bars No. 20M 
and grade 400 was used as main reinforcement for the control slab. Figure  3-2 shows the used 
FRP and steel bars.  
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Table  3-1 Properties of FRP and steel reinforcing bars 
Type  
of Bar 
Grade  Diameter 
db (mm) 
Area 
(mm)
2 
Tensile 
Strength 
(MPa) 
Modulus of 
Elasticity 
(GPa) 
 
Ultimate 
Strain (%) 
GFRP-1  Grade I  20 284 724.0 40.8 1.49 
GFRP-2  Grade I 20 284 666.0 49.8 1.50 
  25 510 588.0 43.9 1.34 
GFRP-2  Grade III 20 284 1197.1 67.8 1.51 
  25 510 1078.5 65.5 1.60 
CFRP  13 129 1906.0 147.7 1.20 
  15 199 1679.8 141.0 1.20 
    Steel         20M    300 
yf  =400 
              200 
u =0.30 
              
(a) Type I GFRP bars           (b) Type II GFRP bars (Grade I)             c) Type II GFRP bars (Grade III) 
               
                                      (e) CFRP bars                                                   (e) Steel bars 
Figure  3-2 Types of FRP and steel bars used in this study 
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3.3.2 Concrete  
The slabs were cast using ready mix concrete delivered from a local batch plant. Both normal 
and two grades of high strength concretes were used.  The concrete target compressive strengths 
were 35, 50 and 65 MPa after 28 days for NSC, HSCa, and HSCb , respectively. Table  3-2  gives 
the mix proportions of the three types of concretes. Nine concrete cylinders 150x300 mm were 
cast from each batch (three cylinders for each slab casting). The measured average compressive 
strength ranged between 43.6 and 50 MPa, 76 to 77 MPa, and 82 to 86 MPa for NSC, HSCa, and 
HSCb, respectively. Concrete cylinders were tested in tension by performing the split cylinder 
test. The average tensile strength was 3.3 MPa, 4.4 MPa, and 4.9 MPa for NSC,  HSCa, and 
HSCb, respectively at the time of the slab testing.  
 Table  3-2 Concrete mix proportions 
Concrete type 
Targeted 28 day strength  
NSC 
(35 MPa) 
HSCa 
(50 MPa) 
HSCb 
(65 MPa) ype (MTQ) Type V 
ternaire 
Type XIII Type XIII 
Water cement ratio 0.40 0.35 0.32 
Water, (kg/m
3
) 136 153 157 
Cement Type GUb-S/SF GUb-8SF GUb-8SF 
Cement content (kg/m
3
) 341 436 490 
Fine aggregate content, (kg/m
3
) 873 835 812 
Coarse aggregate content, (kg/m
3
) 1050 953 1032 
Maximum aggregate size (mm)  20 14 14 
Air entrainer, (mL/100kg) 25 50 0 
Superplasticizer, (L/m
3
) ARS 3-6 6-8 
Water reducing agent (mL/100kg) cement 250 250 300 
Retarder (mL/100kg) 50 75 0 
Air, % 5 5-8 0 
Slump (mm)  80 30 170 30 150 30 
NSC: Normal Strength Concrete; HSC: High Strength Concrete; ARS: according to required slump  
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3.4 Description of Test Specimens 
A total of 21 full-size concrete slabs were constructed using FRP bars (FRP-RC). The slabs were 
4000 mm long x 1000 mm wide x 200 mm deep.  The FRP-RC slabs were categorized in three 
series. Table  3-3 shows the slab test matrix including the details of each Series. Figure  3-3 shows 
a view of the slab and the FRP reinforcement before concrete casting. Figure  3-4 shows the 
dimensions and the reinforcement details of each slab. Figure  3-5 shows the cross sectional 
details of the test slabs.  
Series I investigates the effect of the reinforcement ratio, reinforcement type and the 
reinforcement diameter for Type I and Type II GFRP bars (Grade I). This series of slabs 
investigates the dowel action, the axial and shear stiffness of the reinforcement, and the surface 
texture (bond characteristics). Series I is considered as a reference for series II and Series III that 
investigates the behaviour and shear strength of slabs reinforced with FRP bars of higher 
modulus (GFRP Type II of Grade III, and CFRP). All the specimens of Series I were cast with 
NSC with a target 
,
cf  of 35 MPa, and includes six slabs reinforced with Type I and Type II 
GFRP bars (Grade I) with an average fE of 44 GPa for the two types of GFRP bars used in the 
study of Grade I (Aslan, and V-ROD). The slab GA-56 was reinforced with Type I GFRP bars 
(Aslan bars having external helical wrap along with a sand coating), while slabs GV-46, GV-56, 
GV-66, GV-76, and GV-58 were reinforced with Type II GFRP bars (sand-coated V-ROD).  
Two bar diameters were used namely 16, and 25 mm.  
Series I included the study of the effect of the reinforcement type (specimens GA-56 and GV-56 
as both specimens had almost the same axial stiffness). The effect of the reinforcement axial 
stiffness was investigated through varying the reinforcement ratio by increasing the number of 
bars while keeping the same diameter. Starting from 4 bars in GV-46 till reaching 7 bars in GV-
76, this increased the reinforcement ratio f  from a minimum of 0.8 till a maximum of 1.4%. A 
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higher f was used in specimen GV-58 through using bar with higher diameter bd  (25 mm) to 
investigate the effect of the increase of the reinforcement diameter. Five bars of 25 mm- diameter 
were used in specimen GV-58 with a reinforcement ratio of 1.84%.   
Series II investigated the effect of the reinforcement ratio f , reinforcement type and the 
reinforcement diameter bd , and reinforcement configuration as well as the concrete compressive 
strength 
'
cf for Type II GFRP bars of Grade III (modulus greater than 60 GPa). This series of 
slabs investigates the dowel action, the axial and shear stiffness of the reinforcement, the bond 
splitting characteristics, and the contribution of the concrete in compression.  Results of 
specimens of this series were compared to the results of specimens of Series I to evaluate the 
effect of the increase of reinforcement Grade (modulus of elasticity) on the shear strength of the 
GFRP-RC slabs. This series includes six specimens GH-56, GH-66, GH-66B, GH-78, GH-56a, 
and GH-56b. The reinforcement ratio f for GH-56 was 1.01 %, and it was increased to f
=1.21% in GH-66. The reinforcement ratio f  was doubled in GH-66b to reach 2.43% by using 
the double number of bars in a bundled configuration. The GFRP reinforcement ratio of GH-78 
was chosen to have it close to that of GH-66 using single bar configuration by using large size 
GFRP bars of 25 mm-diameter (size 8). In series II, three concrete compressive strengths were 
utilized to investigate the effect of 
'
cf  while maintaining all other geometrical and reinforcement 
parameters.  GH-56, GH-56a, and GH-56b were three identical specimens with three different 
types of concrete namely NSC, HSCa and HSCb, respectively, with the targeted concrete 
compressive strength of 35, 50 and 65 MPa.  
 Series III includes nine slabs reinforced with Carbon FRP bars (sand coated V-ROD CFRP 
bars). This series investigates the effect of the reinforcement ratio f , the reinforcement 
diameter, as well as the concrete compressive strength. For the specimens CV-54, CV-64, CV-
74, CV-84, the number of bars used were 5, 6, 7 and 8 CFRP bars of size 4 (12 mm-diameter) 
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resulting in reinforcement ratio of 0.45, 0.54, 0.63 and 0.72%, respectively.  CFRP bars of 16 
mm-diameter were used for the specimens CV-65, CV-75, CV-85; these slabs include 6, 7 and 8 
respectively resulting in reinforcement ratio 0.94, 1.1, and 1.25%, respectively. CV-74 was 
duplicated as CV-74a, and CV-74b with the same reinforcement ratio and using the three types 
of concretes considered in the study namely NSC, HSCa, and HSCb, with target compressive 
strength of 35, 50 and 65 MPa, respectively. Finally, a reference slab S-56 was constructed 
reinforced using five 20M steel bars of grade 400, resulting in a reinforcement ratio of 1.0%. 
 
Figure  3-3 Slab before casting showing FRP reinforcement cages 
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Figure  3-4 Dimensions and reinforcement details of the slabs  
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Figure  3-5 Cross sectional details of the tested slabs 
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Table  3-3 Test matrix of one-way slabs 
Series No. 
Slab 
No 
/
cf  
MPa 
GFRP Bar Grade 
Type 
of FRP Bar 
No  of 
Rods 
Bar 
Size f
 % 
Reinf. 
Spacing 
mm 
Bar 
area Af 
mm
2
 
Total 
area of 
barsAft 
mm
2
 
Ef 
GPa 
S
er
ie
s 
 I
 
1 GA-56 47.9 Grade I Type I 5 #6 1.01 200 284 1420 40.88 
2 GV- 46 48.4 Grade I Type II 4 #6 0.79 250 284 1136 47.6 
3 GV-56 48.4 Grade I Type II 5 #6 1.01 200 284 1420 47.6 
4 GV- 66 48.4 Grade I Type II 6 #6 1.22 166 284 1704 47.6 
5 GV-76 49.7 Grade I Type II 7 #6 1.42 143 284 1988 47.6 
6 GV-58 47.9 Grade I Type II 5 #8 1.85 200 510 2550 51.9 
S
er
ie
s 
 I
I 
7 GH-56 42.9 Grade III Type II 5 #6 1.01 200 284 1420 69.5 
8 GH-66 49.4 Grade III Type II 6 #6 1.21 150 284 1704 69.5 
9 GH-66B 48.6 Grade III Type II 12 #6 2.43 150 284 3408 69.5 
10 GH-78 50.3 Grade III Type II 7 #8 2.55 150 510 3570 69.5 
11 GH-56a 77.4 Grade III Type II 5 #6 1.01 200 284 1420 69.5 
12 GH-56b 82.6 Grade III Type II 5 #6 1.03 200 284 1420 69.5 
S
er
ie
s 
 I
II
 
13 CV-54 49.7 - Type II 5 #4 0.45 200 129 645 144 
14 CV-64 49.6 - Type II 6 #4 0.54 166 129 774 144 
15 CV-74 52.0 - Type II 7 #4 0.63 150 129 903 144 
16 CV-84 44.8 - Type II 8 #4 0.72 140 129 1032 144 
17 CV-65 45.6 - Type II 6 #5 0.84 166 199 1194 140 
18 CV-75 48.6 - Type II 7 #5 0.98 150 199 1393 140 
19 CV-85 41.3 - Type II 8 #5 1.11 140 199 1592 140 
20 CV-74a 76.2 - Type II 7 #4 0.63 150 129 903 144 
21 CV-74b 86.2 - Type II 7 #4 0.63 150 129 903 144 
Series IV 22 S-56 47.9 Grade 400 Steel 5 20M 1.0 200 300 1500 200 
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3.4.1 Fabrication of Test Specimens and Curing Practices 
The fabrication of the slabs followed the following steps: fabrication of wooden formworks, 
instrumentation and assembly of reinforcement cages, placement of the reinforcement cages, and 
concrete casting and curing. 
3.4.1.1 Formwork and reinforcement layout 
In order to reduce the number of casting and consequently the variability of concrete properties, 
three wooden formworks were fabricated. The wooden formworks were reinforced against the 
fresh concrete pressure to avoid distortion in the slab width and to resist vibrations resulting 
during construction. After installation of the strain gages as shown in Figure  3-6 (a) the 
reinforcing bars were assembled into main and secondary meshes before placement in the 
wooden formworks as shown in Figure  3-6 (b) keeping uniform reinforcement spacing. 
 
Figure  3-6 Installation of strain gages and assembling FRP meshes 
The reinforcement meshes were placed in the wooden formworks. In order to insure the required 
concrete cover, plastic chairs were installed below the reinforcement mesh, while the top 
reinforcement mesh was hanged and fixed in place before casting, as shown in Figure  3-7. The 
slab reinforcement configuration was mainly single bars placed as main reinforcement. One slab 
was fabricated using bundled bars configuration.   
(a) (b) 
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Figure  3-7 Typical views of reinforcement cages before concrete casting 
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3.4.1.2 Concrete casting 
Casting of the concrete slabs was performed in eight consecutive series.  A local supplier 
delivered the concrete; a crew of 3 to 4 persons cast three slabs in two hours. Figure  3-8, and 
Figure  3-9 show a typical concreting session showing the slab during and after casting and 
finishing. Proper vibration was provided in uniform vibration duration for each particular kind of 
concrete. Appropriate finishing was also provided to slab surfaces after casting. Each slab was 
cast in a location other than the testing spot, however the slabs were kept undisturbed in place to 
receive initial curing and acquire enough strength. The bottom forms were removed three days 
after casting. After one week of casting, the slabs were placed directly on the ground for storage 
till the day of testing to avoid any premature cracking due to self-weight. Concrete cylinders 
were placed in the same environment with the slabs. Specimens were lifted from their casting 
spot with a 10 ton capacity overhead crane in a way to prevent premature cracking. At the age of 
testing, the specimens were moved from their curing spot and placed in a truck to be moved to 
their testing site inside the structural lab of the University of Sherbrooke. The slabs were lifted 
through four steel anchors which were installed during casting.    
 
Figure  3-8 Typical casting session 
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Figure  3-9 Typical view of slabs after casting 
3.4.1.3 Curing of test specimens  
Specimens were molded at the place where they could receive initial curing. Immediately after 
molding, the specimens were stored for a period up to one week in an environment preventing 
moisture loss from the specimens. For all concrete mixtures, the initial curing temperature was 
between 20 and 26
o
c. Saturated wet covering procedure was used during the initial curing period 
to maintain the moisture conditions. The specimens were placed in controlled temperature. 
Specimens were shield from the direct sunlight. The specimens were covered with wet burlap 
and plastic cover as shown in Figure  3-10.   
 
Figure  3-10 Typical view of concrete slabs while curing 
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3.4.2 Instrumentation 
3.4.2.1 Load measurements 
The load was applied monotonically using a 500-kN hydraulic actuator with a stroke controlled 
rate of 0.6 mm/min (0.02 in/min). During the test, crack formation on one side of the slab was 
marked and the corresponding loads were recorded.  
3.4.2.2  Deflection measurements  
Slab mid-span vertical deflections were measured on the slab side with two LVDTs installed at 
front and the back side at the middle of the slab. The LVDTs were mounted on a metal frame 
clamped to the lower portion of the bottom of the slab and distributed to obtain the deflection 
profile of each slab as shown in Figure  3-11 and Figure  3-12.  
   
Figure  3-11 Deflection measurements 
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Figure  3-12 Schematic diagram showing the LVDT locations 
3.4.2.3 Strain measurements  
The reinforcement strain distribution along the bar length was specified through the classical 
type strain gages with a small length. Concrete was instrumented using classical concrete strain 
gages. In each specimen, one longitudinal bar was instrumented with ten strain gages along the 
specimen. Reinforcement strain gages were spacing is indicated in figure 3-13-(a) and attached 
to the surface of the bar to monitor the variation in strain distribution along the bar length. 
Concrete gages were installed at the maximum compression location of the specimen to monitor 
the compressive strain while loading the specimens. A schematic diagram showing the 
reinforcement and the concrete strain gages is shown in Figure  3-13.  
 
 
 
 
 
 
 
Figure  3-13 Schematic diagram showing the concrete gage locations 
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3.4.3 Data Acquisition  
The applied load, displacements, and strain readings were electronically recorded during the test 
using an automatic data acquisition system. The acquisition unit was connected to a personal 
computer.  
3.4.4 Test Setup and Procedure  
All slabs were loaded under displacement control in four points bending flexural testing. The 
load was applied at a rate of 1.2 mm/min using a closed loop 500 kN MTS Actuator. The photo 
and a schematic view showing the details of the test setup are indicated in Figure  3-14, and 
Figure  3-15, respectively. All slabs had overhang of 250 mm of each side beyond the support on 
each side as an anchorage length.  The slabs have a clear span of 3500 mm. The shear span was 
kept constant of 850 mm for all tests given shear span over depth ratio of 6. The loading was 
stopped when the first crack appeared and the initial crack widths were measured manually using 
a hand-held 50×microscope. Then, two high-accuracy LVDTs were installed to measure crack 
widths with increasing load. 
 
Figure  3-14 Photo of the test set-up 
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CHAPTER 4 EVALUATION OF SHEAR CRITICAL 
ONE WAY CONCRETE SLABS REINFORCED 
WITH CARBON-FRP BARS 
4.1 Abstract 
An experimental study on nine one way reinforced concrete slabs was performed. The slabs were 
reinforced with CFRP bars and tested to failure under two point loading system. The effect of 
reinforcement ratios, bar diameters, as well as different concrete compressive strengths were 
investigated for their effect on the concrete contribution to the shear strength. All slabs ruptured 
in shear, except for one slab the FRP bars were completely ruptured and the slabs collapsed. The 
structural behaviour of the slabs regarding their crack patterns, modes of shear failure and 
ultimate capacities were examined and presented. Four different methods used in the design 
practice for FRP reinforced concrete in North America and Japan that account for concrete 
contribution to the shear strength are evaluated in the light of the experimental results. These 
methods include the American Concrete Institute design guide, ACI 440.1R-06; the Canadian 
Standards Association, CAN/CSAS806-12 and CAN/CSA S6.1S1-10; and the design 
recommendations of the Japan Society of Civil Engineers JSCE. It was found that the Canadian 
equation CAN/CSA-S806-12 provided the most accurate predictions. An alternative mode of 
failure was detected for a specific reinforcement ratio that may govern the post-shear failure 
response of CFRP reinforced concrete slabs. While all slabs ultimately failed by shear that 
caused rupture and complete separation of both parts of the slab, the new failure mode occurred 
exceptionally for one of the tested slabs by forming a plastic hinge protecting the slab from 
having catastrophic explosive mode of failure similar to other slabs.  
Key words: Carbon FRP bars, Shear failure, Code Provisions, Failure modes  
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4.2 Introduction 
Fiber-reinforced polymer (FRP) bars are an attractive form of reinforcement gaining increasing 
acceptance as an alternative to conventional steel reinforcement in structural members subjected 
to severe environmental conditions. FRPs have superior properties, including high strength-to-
weight ratio, magnetic transparency, and noncorrosive nature. The noncorrosive nature of FRP 
bars boosts the potential of reducing life-cycle costs in concrete infrastructure exposed to 
aggressive environmental conditions. When magnetic transparency is required in structural 
members, FRP bars provide the best reinforcement alternative. Worldwide research efforts in this 
field through professional organizations have resulted in the publication of several codes and 
guidelines for the design of concrete structures using FRP materials. These guides and standards 
include ACI440.1R (2006), CSA-S806 (2012), the JSCE (1997) design recommendations, and 
CSA-S6.1S1 (2010). Relevant design equationa are indicated in Chaper 2 of this thesis.  
There are noticeable differences in the derived equations in these standards and guidelines for 
assessing concrete contribution (Vc). The shear design provisions in the CSA-S6.1S1 code have 
been updated and modified based on the modified compression field theory (MCFT). The core of 
the MCFT suggests that the shear capacity of an RC beam without stirrups depends primarily on 
aggregate interlock, which, in turn, is based on the width of shear cracks. Since aggregate 
interlock decreases as cracks widen, any condition that is predicted to increase crack widths is 
predicted to decrease   shear capacity. The corresponding design provisions in the ACI code, 
however, are still based on traditional empirical relationships. As such, there are considerable 
differences in various aspects of the respective shear design methods. Moreover, most of the one-
way slabs reported in the literature were reinforced with glass-fiber-reinforced polymers (GFRP) 
(Hoult, et al., 2008; Sherwood and Khaja, 2012). Since carbon-fiber-reinforced polymers 
(CFRP) have a higher tensile strength and different material characterization than GFRPs, CFRP 
behaviour in such structural elements was deemed a need to be addressed. Therefore, this paper 
presents the results for the shear behaviour of one-way concrete slabs reinforced with CFRP bars 
and examines the validity of the current shear design provisions for FRP-reinforced concrete 
members. Observations about the experimental data and the resulting analysis will help to 
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support the verification and development of shear design provisions to ensure appropriate levels 
of safety for those types of large-scale structural elements. 
4.3 Experimental Program  
4.3.1 Test specimens 
Nine one-way slabs were constructed and tested to investigate the behaviour of CFRP-reinforced 
concrete slabs. All nine slabs had the same dimensions: 4000 mm long, 1000 mm wide and 200 
mm thick with a clear span of 3500 mm. An overhang of 250 mm beyond the support was left to 
ensure enough anchorage length to prevent premature bond failure before shear failure. The 
shear span was kept constant at 850 mm, providing a shear-span-to-depth ratio of 6. Three 
different parameters were studied: the reinforcement ratio, reinforcement diameter, and concrete 
compressive strength. All of the slabs had a single bottom reinforcement mesh with a clear cover 
of 50 mm. Figure  4-1 provides a view of the deformed shape of the slab in the test setup. The 
slabs were divided into three series. Series A included slabs reinforced with #4 CFRP bars and 
series B included slabs with #5 CFRP bars; the concrete compressive strength was varied in 
series C. Table  4-1 provides a summary of the testing program, experimental failure loads, and 
shear strength. The top mesh for all the slabs consisted of #5 GFRP bars @ 300mm. 
 
Figure  4-1 Typical view for a specimen in testing machine before failure 
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Table  4-1 Slab details and experimental shear strength   
 
Slab 
Reinf. 
Type 
fc
’ 
(MPa) 
No. of 
Bars 
Bar 
Diam. 
ρf % ρfb % Pexp (kN) Vexp (kN) 
Series A 
CV-54 CFRP 49.7 5 #4 0.45 0.338 237 119 
CV-64 CFRP 49.6 6 #4 0.54 0.337 282 141 
CV-74 CFRP 52.0 7 #4 0.63 0.354 317 159 
CV-84 CFRP 44.8 8 #4 0.72 0.305 315 157 
Series B 
CV-65 CFRP 45.6 6 #5 0.84 0.395 346 173 
CV-75 CFRP 48.6 7 #5 0.98 0.420 372 186 
CV-85 CFRP 41.3 8 #5 1.11 0.357 385 192 
Series C 
CV74-A CFRP 76.0 7 #4 0.63 0.517 336 168 
CV74-B CFRP 86.2 7 #4 0.63 0.585 274 137 
4.3.2 Material properties 
Table 4-1 lists the actual concrete compressive strengths (
'
cf ) based on the average values from 
tests performed on at least three 150x300 mm cylinders for each concrete batch on the day the 
slabs were tested. The tensile properties of the FRP bars were determined by testing five 
specimens according to ASTM D7205. Table  4-2 gives the mechanical properties of the FRP 
bars used in this investigation. 
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Table  4-2 Mechanical Properties of the CFRP Reinforcing Bars 
Bar 
Type 
Bar Designation db (mm) Af (mm
2
) Ef (GPa) ffu (MPa) εfu (%) 
CFRP 
#4 13 129 144 1899 1.32 
#5 15 199 140 1648 1.18 
4.3.3 Test setup and procedure 
The load was applied using a hydraulic actuator at two points spaced 1800 mm apart using a 250 
× 1000 × 25 mm steel bearing plate for all slabs. The steel bearing plate was placed directly on 
the concrete surface of the slabs. The slabs were loaded under displacement control at a constant 
rate of 1.2 mm/min. An automatic data-acquisition system was used to monitor the applied load, 
deflection, and strains in the concrete and reinforcement. 
4.4 Test Results and Discussion  
4.4.1 Cracking behaviour  
Cracks started to develop in the flexural span of the slab in the zone of the highest flexural 
stresses and zero shear stresses. Flexural cracks were vertical and perpendicular to the direction 
of the principal stresses induced by pure bending. Figure  4-2 till Figure  4-10 show the crack 
patterns for all slabs. The sequence load level and crack locations are identified for each slab. It 
was observed that, in all the tested slabs, the formation of the critical shear crack was a process 
that started at a load level significantly lower than failure load. Flexural cracks extended along 
the bottom surface of the slab, running parallel and adjacent to both loading plates. Additional 
flexural cracks opened within the shear span, but the cracks became progressively more inclined 
because of the dominance of the shear stresses propagating towards the loading point, leading to 
diagonal tension failure. All the slabs developed vertical flexural cracks, followed by inclined 
flexure-shear cracks in the shear zone prior to attaining ultimate load. 
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The increase of the reinforcement ratio in series A slabs changed the shape of the shear crack. A 
single shear crack at almost 0.5d from the support and starting at a distance of around d from the 
loading point was noted in CV-54 Figure  4-2. This crack, inclined at nearly 45°, started to 
develop at applied load of 139 kN, while failure occurred at 237 kN. In CV-64 (Figure 4-3), a 
toothed shear crack developed, composed of two branches starting at a load level of 146 kN. The 
one closer to the support extended towards the slab soffit at 45
°
, intersecting with the other 
vertical crack and joining a crack parallel to the compressive reinforcement. In slab CV-74, the 
shear crack was formed with three branches. Two shear cracks spread from prior flexural shear 
cracks perpendicular to the slab surface as shown in Figure 4-4. Both cracks started to appear at 
92 kN and 102 kN, respectively, 100 mm apart; the crack closest to the loading point was at 100 
mm. A secondary shear crack at 45
°
 branched from the second crack. The distance between 
closest major shear cracks to the support was 2.5d. The cracks in the concrete allowed large 
rotations to occur at failure; the critical shear zone extended along 200 mm of the slab at a 
distance of 2.5d from the support. The shear crack in CV-84 as shown in Figure 4-5 was tooth 
shaped, developing at 136 kN. The main crack extended to the loading point, while the 
secondary crack extended from mid-depth towards the support. The crack widened substantially 
at failure. 
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Figure  4-2 Series (A) Crack pattern CV-54 
 
 
 
 
Figure  4-3 Series (A) Crack pattern CV-64 
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Figure  4-4 Series (A) crack pattern CV-74 
 
 
 
 
Figure  4-5 Series (A) crack pattern CV-84
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Series B: In CV-65, a single shear crack with a tooth formed from a secondary crack as shown 
inFigure  4-6. The crack followed an arching path, joining the loading point to the support at d/2 
from the support. Similarly, CV-75 had a single shear crack with a tooth formed from a 
secondary crack (Figure  4-7), which followed an arching path joining the loading point to the 
support at d/2 from the support. The tooth length and shape was longer than that in CV-65, 
indicating a bond splitting influence on crack shape at the tension side due to the higher 
reinforcement ratio. The critical shear crack that developed in CV-85 Figure  4-8() exhibited 
similar behaviour to that in CV-65. 
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Figure  4-6 Series (B) crack pattern CV-65 
 
Figure  4-7 Series (B) crack pattern CV-75 
 
Figure  4-8 Series (B) crack pattern CV-85 
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Flexural cracking was more extensive in series C, in which a larger number of closely spaced 
cracks appeared, compared to series A and B. This is symptomatic of the lower tensile strengths 
of series A and B. Few shrinkage cracks appeared in CV-74B; the crack locations are marked on 
the slab (the HSC specimen). The nonstructural cracks did not appear to alter the cracking 
pattern and the tension cracks propagated across shrinkage cracks with negligible discontinuity. 
The shrinkage cracks did not widen, even though the crack was close to mid-span. 
Shear cracks in series C (HSC slabs) developed more suddenly compared to series A and B 
(NSC slabs). In series C, both CV-74A and CV-74B developed a critical shear crack on the right-
hand side. In CV-74A Figure  4-9, a shear crack joining the loading point to the face of the support 
developed. A small tooth was formed and more extensive bond cracks were noted, which was 
not the case with CV-74B as shown in Figure  4-10. The slab developed no teeth, which could be 
related to the slab’s higher tensile strength; no bond cracks were noted. Based on analysis of the 
crack patterns in all the slabs, it can be concluded that the shape and location of the critical shear 
crack was influenced by the axial reinforcement ratio: the higher the reinforcement ratio, the 
closer the critical shear crack location to the loading point. This was clearer in series A slabs, 
while the shape of the shear crack was nearly similar in series B and C. The shear crack joining 
the loading point to the face of the support developed in an S-shaped curve with a straight 
portion at the middle and an extended part parallel to the top and bottom reinforcement of the 
specimens. The development of a secondary crack appeared to be a common factor in all the 
slabs in these two series.  
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Figure  4-9 Series (C) crack pattern CV-74A 
 
Figure  4-10 Series (C) crack pattern CV-74B 
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4.4.2 Deflection behaviour 
The mid-span deflection versus the applied loads for the tested slabs of Series A, B and C are 
plotted in Figure  4-11 , Figure  4-12, and, Figure  4-13 respectively. Load deflection curves for all 
specimens are indicated in Figure  4-14. The load–deflection curve was bilinear. The first part, up 
to the cracking load, ranged from 35 kN to 46 kN was similar in stiffness for all the slabs, since 
each slab was functioning with its full inertia. The second part represents the cracked slab with 
reduced inertia. The flexural stiffness of the slabs reinforced with CFRP bars increased by the 
increase of the reinforcement ratio, with CV-54 having the least reinforcement ratio and flexural 
stiffness and CV-85 having the highest flexural stiffness and reinforcement ratio. The deflection 
behaviour of slabs CV-65 and CV-84 was nearly identical, which confirms that slabs with nearly 
the same reinforcement stiffness ff AE have similar flexural stiffness, regardless of differences in 
bar diameter, as seen in load deflection curves of the specimens from all the three Series A,B and 
C respectively. Comparing Series C slabs CV-74A and CV-74B, which had 
'
cf  of 76 and 86 MPa, 
respectively, to CV-74 with a 
'
cf
 
of 48.6 MPa, indicates the increased concrete compressive 
strength resulted in a slight increase in slab flexural stiffness. CV-74 evidenced a progressive 
shear failure response, instead of the sudden collapse that occurred in the other slabs. CV-74 had 
a rotational capacity and a post-peak response that could be attributed to the presence of three 
branches of shear cracks, which allowed redistribution of the shear stresses. 
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Figure  4-11 Load deflection Series (A) 
 
 
Figure  4-12 Load deflection Series (B) 
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Figure  4-13 Load deflection series (C) 
 
Figure  4-14 Load deflection for all specimens  
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4.4.3 Modes of failure of the test slabs 
Specimens in all three series developed either diagonal tension failure or shear–compression 
failure as shown in Figure  4-15 till Figure  4-23. A critical diagonal crack formed, which 
proceeded to widen to the point that stress redistribution to other shear resistance mechanisms 
was no longer possible, thereby causing the concrete to rupture. A slight bending in the tensile 
reinforcement occurred, resulting in spalling of the concrete cover. This was followed by a crack 
through the slab, which was obtained with the specimen completely separated as the result of 
rupture of the CFRP reinforcement (CV-74B and CV-75). Some slabs ruptured in shear 
compression, when the flexural compression zone was reduced by the inclined flexural–shear 
crack to an extent that the concrete in this zone was crushed. In this failure mode, localized 
crushing occurred with the possibility of a wedge of concrete spalling off from the top surface 
CV-64. In CV-85 and CV-74A, the tensile splitting of the concrete was observed along the main 
diagonal shear crack and slight bending occurred in the main reinforcement, causing concrete 
spalling and bar rupture. CV-64 and CV-65 experienced only tensile splitting. 
Series A slabs showed shear–compression failure with a reduction in the concrete crushing zone 
except for CV-54 all resulting from increased reinforcement and a variation in shear crack shape 
and location. The shear crack approached the loading point due to increased reinforcement ratio. 
CV-54 showed diagonal tension failure and the concrete didn’t experience crushing as the other 
slabs of this group (Figure  4-15). In CV-64 (Figure  4-16), a large concrete area at the 
compression zone was exposed to high amount of crushing; portions of the reinforcement left 
only from the slab were damaged longitudinally. The presence of three shear-crack branches in 
CV-74 as appearing in  
Figure  4-4 completely changed the slab collapse mechanism. All the other slabs experienced a 
catastrophic-type collapse, while a small compressive crushing zone developed in CV-74 and the 
reinforcement did not rupture, providing post-peak behaviour that is clearly obvious in the load–
defection diagram protecting the slab from a catastrophic explosive mode of failure. It should be 
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noted that CV-74 evidenced more deflection than any other slab. No compressive crushing was 
observed in CV-84 ( 
 
Figure  4-5). The critical shear crack extended smoothly without crushing; the rebars were 
ruptured on both sides of the crack. 
 
Figure  4-15 Shear failure series (A) CV-54 
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Figure  4-16 Shear failure series (A) CV-64 
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Figure  4-17 Shear failure series (A) CV-74 
 
Figure  4-18 Shear failure series (A) CV-84 
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Figure  4-19 Shear failure series (B) CV-65 
 
Figure  4-20 Shear failure series (B) CV-75 
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Figure  4-21 Shear failure series (B) CV-85 
 
Figure  4-22 Shear failure series (C) CV-74a  
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Figure  4-23 Shear failure series (C) CV-74b 
In CV-65, CV-75, and CV-85 (series B), the major shear crack passed through the top and 
bottom reinforcing bars, causing total bar damage. The shear crack separated the slabs into two 
parts: the CFRP rebars were split longitudinally throughout the shear crack zone; the top GFRP 
bars were completely cut at one point. An elliptical smooth failure surface was observed and 
showed signs of aggregate splitting at the surface, which proves the existence of aggregate 
interlock. Bars were damaged, evidencing longitudinal splitting in bar portions appearing after 
concrete-cover spalling followed shear failure. The HSC series C slabs experienced more 
explosive and brittle cracking with higher sounds accompanying slab failure. The critical shear 
crack joined the loading point to the support. It can be concluded from test observations that the 
brittle nature of CFRP bars affects the shear mode of failure because of the brittle nature of 
CFRP, which, unlike steel reinforcement, has no yield. 
4.4.4 Shear capacity 
The experimental shear capacity Vc of the one-way CFRP slabs was found to increase as the 
reinforcement ratio increased. The shear strength increased from 119 kN to 186 kN when the 
reinforcement ratio was increased from 0.45 % to 0.98 % for slabs in series A and B, which 
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indicates that concrete shear strength appears to be a function of the axial stiffness of the main 
tensile reinforcement. When the concrete compressive strength was increased from 52 to 76 
MPa, the shear strength increased from 159 kN to 168 kN. This increase in the tensile strength is 
expected because concrete tensile strength, which is a function of the concrete compressive 
strength, is one of the principal parameters affecting Vc. When the concrete strength was 
increased to 86 MPa, however, the shear strength dropped to 137kN, which can be explained by 
a decrease in shear resistance attributed to aggregate interlock. With HSC, the failure surface 
propagates through the aggregate, resulting in a relatively smoother failure surface, in addition to 
a reduction in the neutral axis depth to maintain force equilibrium resulting in a decrease of the 
concrete area in the compression zone resisting shear.  
4.4.5 Assessment of cV  design equations 
The ultimate shear capacity of the slabs was obtained experimentally and the corresponding Vc 
was calculated for each slab. Design-equation performance was assessed using the experimental 
results. The ratio of experimental shear strength to predicted results ( predVV /exp ) was calculated 
for each specimen according to ACI 440.1R (2006), CSA S806 (2012), JSCE (1997), and CSA 
S6.1S1 (2010). Table  4-3 provides the predicted values and ratios of the experimental to 
predicted values. It should be noted that all material reduction and safety factors in the design 
equations used in this study were set equal to unity. Table 4-4 gives the statistical values of
predVV /exp . Averages, standard deviations, coefficients of variation, and percentages of 
specimens with non-conservative predictions were calculated. This percentage is defined as the 
percentage of number of tests with a predVV /exp less than unity. Figure  4-25 till Figure  4-28 also 
show verification of the Vc design equations by plotting the predicted shear strength against the 
experimental values. Each figure shows a straight line at a 45° angle, indicating the exact 
accurate prediction. 
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Table  4-3 Prediction of ( cV ) with codes and guidelines versus experimental result 
Slab 
V Exp 
(kN) 
ACI 440.1R 
(2006) 
CSA S806 (2012) JSCE(1997) CSA S6.1S1(2010) 
predV  
(kN) 
predVV /exp
 
predV  
(kN) 
predVV /exp
 
predV  
(kN) 
predVV /exp
 
predV  
(kN) 
predVV /exp
 
CV-54 118.5 72.12 2.32 109.6 1.06 108.7 1.539 92.62 1.48 
CV-64 141.0 78.23 1.80 115.5 1.22 115.4 1.222 83.90 1.99 
CV-74 158.6 84.89 1.87 122.8 1.29 123.4 1.285 89.32 1.58 
CV-84 157.3 86.34 1.82 121.6 1.29 122.2 1.287 96.92 1.64 
CV-65 172.9 90.97 1.90 125.9 1.37 127.8 1.353 98.58 1.60 
CV-75 185.9 99.00 1.88 135 1.38 137.5 1.353 104.00 1.66 
CV-85 192.3 99.99 1.92 133 1.45 136.8 1.406 113.18 1.64 
CV74-A 168.0 88.33 1.93 128.8 1.30 140.2 1.214 114.32 1.68 
CV74-B 137.1 88.33 2.41 128.8 1.06 145.4 1.464 98.87 1.72 
From Table  4-3 it can be seen that ACI 440.1R (2006), CSA S6.1S1 (2010), CSA S806 
(2012), and JSCE (1997) provided conservative predictions with average values of predVV /exp  
greater than unity. Figure  4-24 represents code predictions versus experimental shear strengths 
of the 9 CFRP-RC Slabs. It was clear that the CSA S806 (2012), equation yielded the greatest 
accuracy, while the ACI 440.1R (2006) equation was the most conservative. Code predictions 
were also plotted against the experimental results for the three codes and guidelines in 
consideration as shown in Figure  4-25 till Figure  4-28. The results as seen through those plots 
make it possible to evaluate the degree of correlation between the experimental and predicted 
values. It is clear that the points in fact lie close to a straight line but one with a slope 
considerably different from 45
o
, the values for JSCE (2012) could yield a line closest to the 45 
degree line. For all the codes it was clear that the points deviate from the ideal line at different 
slopes but in a systematic rather than a random fashion as this situation suggests that there is a 
specific characteristic responsible for the deviation and that this cannot simply be attributed to 
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experimental errors EWINS (2000). Table 4-4 shows that CSA S806 (2012), CSA S6.1S1 
(2010), ACI 440.1R (2006), and JSCE (1997) design equations provided conservative 
predictions, since the average values of )/( exp prediVV  were 1.27, 1.71, 1.98 and 1.35 
respectively without non-conservative predictions. The coefficient of variation (serving as a 
measure of consistency) of all the design equations assessed ranged from 8% to 11%. The 
difference in the predicted values by different codes was due to ignoring certain parameters. 
Experimental observations revealed that the load paths and shear-crack locations were not 
identical for all the tested slabs, which may explain the variation between the experimental 
and predicted results. This may relate to dependency on the concrete strength along the load 
path. 
  
Figure  4-24 Experimental over predicted shear capacities of CFRP-RC slabs 
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Figure  4-25 CSA S6.1S1 (2010) prediction of cV  of CFRP-RC slab vs. cV  exp.  
 
Figure  4-26 JSCE (1997) prediction of cV  of CFRP-RC slab vs cV  exp. 
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Figure  4-27 CAN/CSA-S806-12, (2012) prediction of cV  of CFRP-RC slab vs. cV  exp. 
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Figure  4-28 ACI440.1R-06 (2006) prediction of cV  of CFRP-RC Slab vs cV  exp. 
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Figure  4-29 Codes prediction of cV  of CFRP-RC slab vs cV  exp  
Table  4-4 Statistical values of experimental-to-predicted shear strength for the CFRP-RC slabs 
Equation 
Average 
predVV /exp  
Standard 
Deviation 
COV (%) 
Specimens with Non-
conservative Predictions (%) 
ACI440.1R-06 1.98 0.220 11 0 
CSA S806-12 1.27 0.130 11 0 
JSCE 1997 1.35 0.109 8.1 0 
CSA S6.1S1-06 1.71 0.190 11 0 
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4.4.6 Conclusions 
A total of 9 one-way slabs measuring 4000×1000×200 mm were constructed and tested under 
two-point loading to failure. The variables studied were bar diameter, reinforcement ratio 
(reflecting the axial stiffness), and concrete compressive strength. The experimental results 
were investigated considering the cracking and failure modes, deflection response, and 
ultimate capacity. Predictions of the ultimate capacities according to the ACI, CSA, and JSCE 
code and guideline provisions were introduced. On the basis of the experimental results and 
predictions, the following conclusions were drawn: 
 The shear strength of one-way concrete slabs was found to be proportional to the 
amount of longitudinal CFRP reinforcement. As the amount of CFRP reinforcement 
increased, the obtained shear strength increased. In addition, the results indicated that 
the shear strength appeared to be a function of the axial stiffness of the main tensile 
reinforcement.  
 cV was found to increase while increasing the concrete compressive strength to a 
certain limit after which the ultimate shear strength decreased while increasing the 
concrete compressive strength.  
 The mode of failure and orientation of the shear crack and its distance from the support 
were influenced by the axial stiffness and concrete compressive strength. 
 A visual inspection of the rough shear failure surface provided experimental evidence 
for the existence of the contribution of aggregate interlock to the shear transfer in 
CFRP-reinforced concrete slabs. 
 Current codes and guidelines predicted the shear capacity of the slabs quite well. CSA 
S806 (2012) and JSCE (1997) provided the most accurate predictions. ACI 440.1R 
(2006) and CSA S6.1S1 (2010) yielded conservative predictions, while provided some 
overestimated results. The coefficient of variation, as a measure of consistency, ranged 
between 8% and 11% for the equations used. 
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 Based on the experimental evidence, the presence of more main shear-crack branches 
allows for redistribution of shear stresses along the shear span of the slab, which 
changed the failure from sudden to progressive, which is more desirable than total 
collapse. Experimental work or theoretical study is recommended to investigate the 
procedure for controlling the slab collapse mechanism. 
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CHAPTER 5 BEHAVIOUR OF SHEAR PRONE 
ONE-WAY CONCRETE SLABS REINFORCED 
WITH DIFFERENT GRADES OF FRP BARS  
5.1 Abstract  
Shear behaviour of fiber-reinforced polymer (FRP) reinforced concrete without web 
reinforcement is potentially the most dangerous case in shear prone applications due to the 
brittle nature of concrete and reinforcement. A total of sixteen one-way concrete slabs 
reinforced with glass- and carbon-FRP bars in addition to a steel-reinforced control slab were 
constructed and tested to failure under two-point loading. The structural behaviour was 
observed and reported for the tested slabs regarding their failure mechanisms, crack patterns, 
shear cracks as well as the ultimate capacities. The test results confirmed the effect of the axial 
stiffness of longitudinal FRP reinforcement on the concrete contribution to the shear strength (
cV ). The use of high strength concrete had a positive impact on the initial shear cracking load 
and ultimate load capacity. However, further increase of concrete strength adversely affects 
the ultimate shear strength. The influence of the reinforcement type, bar diameter, and the 
shear stiffness of the bars on the mode of failure and the concrete contribution to the shear 
strength was identified and discussed. Most of the CFRP reinforced slabs showed brittle 
catastrophic failure while most of the GFRP reinforced slabs - with equivalent reinforcement 
axial stiffness to the CFRP reinforced slabs - kept their integrity even after failure avoiding 
brittle catastrophic modes of failure. 
 
Keywords: Concrete; fiber-reinforced polymer (FRP) bars; one way slab; shear; critical shear 
crack; failure; ultimate capacity. 
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5.2 Introduction 
The incorporation of fiber-reinforced-polymer (FRP) bars in construction provides an efficient 
material capable to overcome corrosion problems. This problem is most prominent in 
structures exposed to aggressive environment, such as parking garage structures and bridge 
deck slabs which are exposed to de-icing salts especially in North American environment. 
Advantages of FRP reinforcing materials include their high strength to weight ratio, ease of 
handling and installation, and corrosion resistance (ACI 440 2007, fib TG 9.3 2007). 
Due to the relatively low modulus of elasticity ( fE ) of FRP bars, concrete members reinforced 
with FRP bars develops wider and deeper cracks than members reinforced with same amount 
of steel bars. Deeper cracks decrease the contribution to shear strength from the un-cracked 
concrete due to the lower depth of concrete in compression. Wider cracks, in turn, decrease 
the contributions from aggregate interlock and residual tensile stresses. This result in the fact 
that the shear capacity of concrete members reinforced with FRP bars as flexural 
reinforcement is lower than that of concrete members reinforced with same amount of steel 
bars. This is supported by the findings from experimental investigations on concrete beams 
without stirrups and reinforced longitudinally with FRP bars (El-Sayed et al. 2006a and b, El-
Sayed et al. 2005, Razaqpur et al. 2004, Gross et al. 2003, Tureyen and Frosch 2003). Six 
mechanisms of shear resistance are expected in reinforced concrete members. The shear 
resistance of the un-cracked concrete, dowel action of flexural reinforcement, aggregate 
interlock along the crack, arching action, residual tensile stress across cracks, and shear forces 
carried by shear reinforcement. The shear resistance of compressive concrete depends on the 
depth of the concrete zone and the concrete strength (Razaqpur et al. 2004). Shear-
compression failure and diagonal-tension failure are the two distinct modes of shear failure 
which describe the manner in which the compression-zone of concrete fails. In shear-
compression failure the integrity of the compression-zone concrete relies upon tri-axial 
confinement. If this confinement is lost, the concrete can dilate, and micro-cracks form in the 
compression-zone parallel to the top-fiber of the beam (Kotsovos and Pavlovic 1999). In 
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diagonal-tension failure the concrete immediately in front of a crack is subjected to a tension 
field that causes the crack to propagate diagonally into the slab. If shear-compression failure is 
avoided, the crack propagates along the shear-span towards the point at which load is applied. 
An unstable diagonal-tension failure follows, which splits the slab into two pieces (Kotsovos 
and Pavlovic 1999). 
Compatibility of the reinforcement across a crack is achieved by a combination of stretching 
of the un-bonded reinforcement, and slip of the bonded reinforcement relative to the concrete 
(Stratford and Burgoyne 2002). With steel reinforcement, the slip is usually assumed to be 
negligible compared with plastic stretching. With FRP reinforcement, both elastic stretching 
and slip are important. For a given crack opening, the force in the flexural reinforcement 
depends upon the bond characteristics of the reinforcement, the stiffness of the reinforcement, 
and the unbounded length over which the reinforcement can stretch. Sherwood et al. 2006 
showed that there is no discernible “width-effect” in one-way shear failures and, thus, the 
results of beam tests are applicable to slabs as well. Through analysing the ultimate capacities 
of a database containing the results of 146 tests from 20 studies Hoult et al. (2008) concluded 
that there is no evidence that steel-reinforced and FRP-reinforced members without stirrups 
behave in a fundamentally different way. 
Prediction of shear capacity is essential in the design of FRP-reinforced concrete members. As 
the design guidelines and codes (ACI 440.1R-06 and CSA S806-12) recommend that such 
members shall be designed as over-reinforced, making them vulnerable to shear failure. 
Although large number of researches were performed on the one way shear behaviour of FRP 
reinforced members, most of them were performed on narrow beams, while very limited 
research was performed on FRP-reinforced wide slabs (Abdul-Salam et al. 2013, El-Sayed et 
al. 2006a,b, Liu et al. 2012, and Sherwood et al. 2007).  
Previous American Concrete Institute (ACI) shear provisions unmodified for FRP members 
results in un-conservative results (Yost et al. 2001). New models are developed about FRP 
shear behaviour. A correlation was found between the axial stiffness of the reinforcement and 
Chapter 5- Behavior of Shear Prone One-Way Concrete Slabs Reinforced with FRP bars     
 
114 
 
 
shear capacity (Tureyen and Frosch 2002, El-Sayed et al. 2006a,b). It was also found that 
some empirically calibrated equations can apparently work well for both steel and FRP-
reinforced members (Tureyen and Frosch 2003). These models have relied upon curve fits to 
beam test results, thus, making it difficult to determine how much of the observed differences 
in shear capacities resulted from fundamental behaviour and how much was a result of the 
individual experiments used. Bentz et al. (2010) found that despite the brittle nature of the 
reinforcement, FRP reinforced large concrete beams behave similarly in shear to steel-
reinforced concrete beams. Salib and Abdel-Sayed (2012) suggest that future research may be 
directed to evaluate the influence of the shear stiffness of FRP bars on the concrete shear 
strength as well as the contribution of FRP bars to the overall component shear capacity 
particularly in shallow members with low or without shear reinforcement. 
High-strength concrete (HSC) and lightweight aggregate concrete (LWAC) have been 
previously investigated on their effect on the shear strength, the bond between the aggregate 
particles and the cement paste can be strong enough for the aggregate to fracture at cracks. 
Aggregate fracture results in smoother crack surfaces and can reduce shear transfer through 
aggregate interlock. A similar situation arises in self-compacting concretes (SCC) where 
cracks are relatively smooth owing to the reduced content of coarse aggregates (Lachemi et al. 
2005). The literature provides conflicting views on the effect of aggregate fracture on shear 
strength. Gross et al. (2003) study showed relatively lower ultimate shear strength for high 
strength concrete beams compared to normal strength concrete beams. The difference was 
explained due to neutral axis location being slightly higher in high strength concrete beams. 
One-way shear behaviour of concrete elements without shear reinforcement reinforced 
longitudinally with FRP bars and the shear failure mechanisms using newly developed FRP 
reinforcement types and investigating the use of HSC is still needed. In this paper, the testing 
of sixteen FRP-RC slabs is presented to investigate the influence of reinforcement axial 
stiffness, reinforcement configuration, using newly developed FRP bars, and concrete 
compressive strength on the shear behaviour of FRP-reinforced concrete slabs.  
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5.3 Research Objectives  
This study investigates the shear strength of flexural concrete one-way slabs reinforced with 
longitudinal FRP reinforcement. Only members without transverse (shear) reinforcement are 
investigated, the amount of longitudinal FRP reinforcement and more precisely the axial 
stiffness of the longitudinal reinforcement is considered as the primary variable through a total 
of sixteen FRP-RC one-way slabs. In this experimental program, various concrete 
compressive strengths were investigated as well as different types of FRP reinforcement. 
Direct comparison of the shear behaviour, ultimate capacities, and cracking patterns is made. 
Differences in the shear behaviour with various reinforcement and concrete characteristics are 
explored allowing for more understanding towards fundamental behaviour of the shear 
behaviour of FRP-RC one way slabs.  
5.4 Experimental Program 
5.4.1 Materials  
Three types of GFRP bars were used in nine slabs. The GFRP bars were different in modulus 
according to Grades I and III (CSA S807 2010) and surface texture (sand coated and helically 
wrapped). Only one type of CFRP bars was used in six slabs. In addition, one slab reinforced 
with steel bars was fabricated and tested as control. The tensile properties of the FRP 
reinforcing bars were determined by testing five representative specimens according to ASTM 
D7205. Properties of steel bars were provided by the manufacturer. Table  5-1 shows the 
tensile properties of the reinforcing bars. 
One grade of normal strength concrete and two grades of high-strength concretes were used to 
fabricate the slab specimens with a targeted compressive strength of 35MPa, 50MPa, and 
65MPa, respectively. The compressive concrete strengths were determined by testing at least 
three 150 × 300 mm cylinders on the day of testing. The concrete compressive strengths for 
each slab were presented in Table  5-2.   
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Table  5-1 Properties of reinforcing bars 
Bar Type 
a
 D (mm) A(mm)
2
 ft (Mpa) Ef (GPa) 
u  (%) 
CFRP 13 129 1906.0 147.7 1.20 
15 199 1679.8 141.0 1.20 
Type I Grade I GFRP 20 284 724.0 40.8 1.49 
Type II Grade I GFRP 20 284 666.0 49.8 1.50 
25 510 588.0 43.9 1.34 
Type II Grade III 
GFRP 
20 284 1197.1 67.8 1.51 
25 510 1078.5 65.5 1.60 
Steel 20M 300 fy=460 200.0 0.23 
a 
According to CSA S807-10 (Grade I and Grade III GFRP bars) Type I helically wrapped bars, Type II sand 
coated bars 
 
5.4.2 Test Specimens 
The test specimens of this experimental program had identical dimensions of 4000 mm length, 
1000 mm width, and 200 mm depth. All specimens were reinforced with top and bottom 
meshes. All secondary and top reinforcement was GFRP #5 @ 300 mm. The main flexural 
FRP reinforcement was installed in a way to investigate the effect of axial stiffness on the 
ultimate shear strength. Figure  5-1  show a typical view for the reinforcement layout in the 
formwork before casting. The reinforcement details of the specimens and the reinforcement 
configurations are shown in Figure 5-1 and Figure 5-2 respectively.  
Chapter 5- Behavior of Shear Prone One-Way Concrete Slabs Reinforced with FRP bars     
 
117 
 
 
 
Figure  5-1 Slab before casting showing FRP reinforcement cages 
 
 
 
 
 
 
 
 
Figure  5-2 Reinforcement details and slab dimensions  
Table  5-2 shows the slab test matrix including the details of each series. The FRP-RC slabs 
were categorized in six series according to the reinforcement axial stiffness and concrete 
compressive strength.  Nearly similar reinforcement stiffness was selected for each series.  
Series A included GA-56 and GV-46 reinforced with G20 in normal-strength concrete with 
two different GFRP surface textures. GA-56 was reinforced with helically wrapped slightly 
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sand coated type I GFRP bars while GV-46 was reinforced with G20 sand coated type II 
GFRP bars. Both slabs had reinforcement axial stiffness of 57936 and 56573 kN, respectively. 
Series A explores the effect of variation of surface texture on the shear behaviour. In Series B, 
the effect of concrete compressive strength on the behaviour of High-Modulus (HM) GFRP 
bars was investigated through three slabs identically reinforced with five HM (Grade III)-G20 
with axial stiffness of 96276 kN. The concrete compressive strengths for GH-56, GH-56-A and 
GH-56-B was 42.9, 77.4, and 82.6 MPa, respectively. While in Series C, three slabs CV-54, 
GV-58 and GH-56 were reinforced withC13, G25 and HM-G20 respectively, representing 
three different types of reinforcement with high variation in the modulus of elasticity of FRP 
bars. To reach similar reinforcement stiffness, the reinforcement diameter was varied keeping 
the number of bars fixed to 5 bars in each slab. Reinforcement axial stiffness was 89784, 
111945, and 96276 kN, respectively. The intent was to investigate the variation of the 
reinforcement type on the shear strength.  
The effect of reinforcement type was investigated in Series D with a higher level of axial 
stiffness. This series consists of two specimens CV-64 and GH-66 reinforced with C13 and 
G20. Both specimens had 6 bars and similar axial stiffness of 115531 and 107741 kN, 
respectively. Series E investigated the effect of concrete compressive strength on the 
behaviour of CFRP reinforced concrete slabs through identically reinforced three slabs. The 
slabs were reinforced with C13 bars with an axial stiffness of 125697 kN, the concrete 
compressive strengths were varied in CV-74, CV74-A and CV74-B to be 52, 76 and 86MPa. 
Series F among all other Series had the highest axial stiffness. The four slabs of the Series F 
were CV85 reinforced with C15, GH-66B reinforced with 12 G20 bars in bundle 
configuration GH-78 reinforced with 7G25 bars, while S-56 was reinforced with 20M steel 
bars. The axial stiffness for CV-85, GH-66B, TS-56, GH-78 was 224472, 231062, 300000, 
233703 respectively.  
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Table  5-2 Slab test matrix 
 Slab Reinf. 
type 
Rft 
Grade  
'
cf  
b 
(MPa)
 
No of  
Bars 
Bar 
 Diam. 
(mm)
  
fA  
(mm2)
 
fE  
(GPa)
 
Axial 
Stiffness 
(kN)
 
f  % 
Series  
A 
GA-56 Type I Grade I 47.9 5 20 1420 40.8 57936 1.01 
GV-46 Type II Grade I 48.4 4 20 1136 49.8 56573 0.81 
Series  
B 
GH-56 Type II Grade III 42.9 5 20 1420 67.8 96276 1.01 
GH-56-A Type II Grade III 77.4 5 20 1420 67.8 96276 1.01 
GH-56-B Type II Grade III 82.6 5 20 1420 67.8 96276 1.01 
Series  
C 
CV54 CFRP - 49.7 5 13 645 139.2 89784 0.45 
GV-58 Type II Grade I 47.9 5 25 2550 43.9 111945 1.85 
GH-56 Type II Grade III 42.9 5 20 1420 67.8 96276 1.01 
Series  
D 
GH-66 Type II Grade III 49.4 6 20 1704 67.8 115531 1.21 
CV-64 CFRP - 49.4 6 13 774 147.8 107741 0.54 
Series  
E 
CV-74 CFRP - 52.0 7 13 903 144 125698 0.63 
CV-74-A CFRP - 76.0 7 13 903 144 125698 0.63 
CV-74-B CFRP - 86.2 7 13 903 144 125698 0.63 
Series  
F 
CV-85 CFRP - 41.3 8 15 1592 141 224472 1.14 
GH-66B Type II Grade III 48.6 12 20 3408 67.8 231062 2.43 
S-56 Steel Steel 47.9 5 20 1500 200 300000 
 
1.07 
GH-78 Type II Grade III 50.3 7 25 3570 65.4 233703 2.60 
B  Average of three cylinders (150×300 mm) on the day of testing. 
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5.4.3 Instrumentation and testing 
The reinforcing bars and compression-concrete zone of the slabs were instrumented with 
electrical-resistance strain gauges to capture the strains at the desired locations. Ten strain 
gages were installed to acquire the longitudinal strain distribution along the slab. Five linear 
variable-displacement transducers (LVDTs) were installed on each slab to measure deflections 
at different locations during testing. In addition, two LVDTs were installed at the position of 
the first two flexural cracks after measuring their initial widths with a handheld microscope 
with 50X magnifying power.  
5.4.4 Test setup and loading 
The tests were performed at Sherbrooke University’s Structural Engineering Laboratory. 
Figure  5-3 shows the basic test setup. All slabs were monotonically loaded in four point 
bending; using a servo controlled 500 kN hydraulic actuator with a stroke-controlled rate of 
1.2 mm/min. Loading was applied over a clear span of 3500 mm. An overhang of 250 mm 
was kept from both sides to insure additional embedded length for the longitudinal 
reinforcement passing through the support. Each slab was initially loaded to 5% of its 
theoretical failure load, and then unloaded to ensure proper seating of the support and loading 
plates. It was subsequently loaded to failure; loading was stopped twice to capture the first 
two flexural cracks then continued to failure. During the test, crack formation on the external 
and bottom side of each slab was marked and the corresponding loads were recorded. The 
actuator, strain gauges, and LVDTs were connected to a data-acquisition unit to continuously 
record their readings. 
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Figure  5-3 Test Setup  
5.5 Test results  
This section presents and discusses the crack patterns, the critical shear crack, the failure 
modes, and ultimate shear capacities of the tested slabs.  
5.5.1 Cracking and crack patterns 
The crack patterns in the state of failure are schematically shown in Figure  5-4 till Figure 
 5-20. Crack patterns focusing on half of the slab at which the critical shear crack developed 
are indicated. Thick black lines on figures are used to identify the main shear cracks at failure. 
The first flexural crack was vertical towards the neutral axis and normally formed in the 
region with maximum moment. Then gradually, diagonal cracks appeared in the shear span 
closer to the support reflecting the absence of shear stresses in the pure flexural region and the 
dominance of the shear stresses in shear span. Cracks appeared along a line that approximately 
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intersects the top face at the loading point in various intensities and inclinations. Shear cracks 
propagated rapidly till the slab failure resulting in either diagonal tension failure or shear 
compression failure. Slabs GA-56, GH-56 and GH-66 ruptured by diagonal tension failure 
without shearing off of FRP bars while GV-58 failed by diagonal tension failure associated 
with shearing off in FRP reinforcement. Shear compression failure was observed in GV-46, 
CV-54, CV-64, CV-74A and CV-74B and CV-85. Shearing off in FRP bars was observed in 
those slabs, while GH-56A, GH-56B and CV-74 ruptured by shear compression failure without 
shearing off in FRP bars. Diagonal tension failure associated with premature bond failure was 
observed in GH-66B, GH-78. The steel reinforced slab S-56 ruptured by flexural compression 
failure. When shear cracks were closer to the support it is expected to have higher load 
required to develop these cracks while lower load is expected to be achieved the closer the 
distance of shear crack from the loading point. 
Horizontal bond splitting cracks at the level of reinforcement were observed in some slabsGH-
78 and GH-66B, as shown in Figure  5-18 and Figure  5-20 that propagated horizontally till 
forming a failure surface starting from the bottom tip of the shear crack. It was noted that the 
formation of the critical shear crack is a process that started at load level significantly lower 
than the failure load. The inclination of shear cracks were measured and indicated in the shear 
span region. Cracking due to restrained thermal shrinkage (hair cracks) was visually inspected 
in slabs that had higher reinforcement ratios indicating the importance of secondary 
reinforcement normal to flexural reinforcement in controlling shrinkage cracks. The test 
parameters controlled the shape, inclination and the location of the critical shear crack and the 
depth of the neutral axis. The inclination angle θ of the critical shear cracks in shear span 
region for each slab was estimated graphically; the value of θ varied between 23 to 64. Strains 
in FRP and concrete were measured and then the depth of the compression zone (neutral axis 
depth) was determined; it was found that the neutral axis depth ranged between 15 to 24 mm 
as presented in Table 5.3 Some slabs had a single shear crack while others had double or triple 
major cracks in the shear span region, some slabs developed cover splitting bond cracks as 
observed by Hoult et al. (2008).  
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Table  5-3 Concrete and Reinforcement Strains 
 Slab 
cu  
microstrain 
fu  
microstrain  
Neutral axis 
depth (mm)    
Series  A 
GA-56 2363 13144 19 
GV-46 2469 9725 24 
Series  B 
GH-56 2010 9998 20 
GH-56-A 1597 7722 21 
GH-56-B 1589 10305 17 
Series  C 
CV-54 1898 8281 23 
GV-58 1736 6986 23 
GH-56 2010 9998 20 
Series  D 
GH-66 1868 8510 22 
CV-64 2306 7665 27 
Series  E 
CV-74 2318 7784 32 
CV74-A 1661 8331 24 
CV74-B ---- 4052 ---- 
Series  F 
CV-85 1633 4477 30 
GH-66B 2023 3800 37 
S-56 ---- 15981 ---- 
GH-78 1606 7569 20 
Meshes of 100 mm x 100 mm were drawn on the side and at slab soffit to better identify the 
cracking patterns. At the side of each slab starting from the middle, squares are marked on the 
left hand side starting from 1L till 20L and to the right hand side starting from 1R till 20R. 
The cracks are drawn to scale forming detailed cracking patterns. For all slabs, the initial 
flexural crack formed in the constant moment zone at a load level ranging between 21 and 57 
kN.  
In Series A, both GA-56 and GV-46 initially had no cracks before loading; the first observed 
cracks were flexural, followed by diagonal tension cracks as shown in Figure  5-4 and Figure 
 5-5, respectively. The crack that eventually led to shear failure initiated as a flexural crack 
while propagating vertically upwards for both slabs. The flexural crack eventually turned into 
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an inclined shear crack and, at near failure, the flexural-shear crack developed a second 
branch. In GA-56, the crack tip started just at the face of the support and the other branch 
extended beyond the support which was resulting from splitting bond failure as shown in 
Figure  5-4.  The load level at which the crack initiated was not detected. The shear crack 
extended till reaching the loading point at 53
o
 inclination.  The shear crack was located 
between 15L and 16L at the left hand side of the slab. The flexural cracks in GV-46 initiated 
at 29kN, while the shear crack initiated at 170kN (corresponding to around 80% of the failure 
load) as shown in Figure  5-5. The shear crack was between 12R and 13R.  A second branch of 
the shear crack developed inclination angles of the critical shear crack of about 37
o
 and 68
o
. It 
was observed that the depth of the compression zone increased from 19 to 24 mm.  
From the results of slabs GA-56 and GV-46, it was clear that the surface texture of the GFRP 
bars affected the location, number of crack branches, and inclination shear cracks. In GA-56 
slab, the shear crack initiated closer to the support due to the bond splitting stresses 
interference with diagonal splitting stresses, while in GV-46 slab, no bond splitting cracks 
were noted so the crack location moved closer to the loading point.  
 
Figure  5-4 Series A shear crack patterns GA-56 
GA-56 
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Figure  5-5 Series A Shear Crack Patterns GV-46 
In Series B, the effect of concrete compressive strength on the cracking behaviour of HM-
GFRP bars was investigated through three slabs. The concrete compressive strengths of GH-
56, GH-56-A, and GH-56-B were 42.9, 77.4, and 82.6 MPa, respectively. Shear cracks were 
located at 12,13L, 12,13L, and 11,12R, respectively. Minor differences were noted in the 
distribution and shape of the flexural cracks while similar critical shear crack was noted for 
both GH-56 and GH-56-A. Though the shears crack inclination were around 42oa second 
branch for the critical shear crack, nearly horizontal, was observed in the three slabs. 
Horizontal cracks resulted from bond splitting stresses. Critical shear crack initiated at applied 
load of 172, 148, and 98 kN in slabs GH-56, GH-56-A and GH-56-B, respectively. These 
loads correspond to 0.56, 0.41, and 0.28 of the ultimate load (Pu), respectively, which is 
inversely proportional to the concrete compressive strength of the concrete (reduction of the 
load at critical shear crack as the concrete strength increases). Also, it was observed that the 
compression zone reduced with the increase of the concrete strength from 20 to 17 mm as 
shown in Table 5-3. The three slabs had bond cracks with lengths of 500, 300 and 600 mm, 
respectively.  
 
Figure  5-6 Series B shear crack patterns GH-56 
GH-56
 
GV-46 
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Figure  5-7 Series B shear crack patterns GH-56A 
 
Figure  5-8 Series B shear crack patterns GH-56B 
Series C included three slabs namely CV-54, GV-58 and GH-56 which investigated the effect 
of the FRP reinforcement type (carbon-, glass- and high modulus glass- FRP bars). The shear 
crack of CV-54 was inclined at 41
o
 and located between 14,15L.  For both GV-58 and GH-56 
slabs, the shear cracks were inclined at 46
 
and 43
o
 and the cracks were located at 13,14R 
13,14L, as shown in Figure  5-9, Figure  5-10 and Figure  5-11, respectively.  
 
Figure  5-9 Series C shear crack pattern CV-54  
GH-56-B 
GH-56A 
CV-54 
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Figure  5-10 Series C shear crack pattern GH-56 
 
Figure  5-11 Series C shear crack patterns GV-58 
For the three slabs CV-54, GV-58 and GH-56, the flexural cracks initiated at load levels of 35, 
50, and 21kN while shear cracks initiated at 133, 207, and 172 kN, respectively. The loads for 
the initiation of shear cracks, represent 56, 86, and 56% of the failure load (Pu). The depth of 
the compression zone was very close for the three slabs namely 23, 23, and 20 mm, 
respectively. Within this series, GH-56 is the only slab that had splitting tensile cracks passing 
parallel to the tensile reinforcement and extended for a length of about 500 mm.  
Series D included GH-66 and CV-64 both had a shear crack at the same distance from the 
support at opposite directions 13,14R and 13,14L, respectively. A slight difference in shear 
crack inclination was observed 64
o
 compared to 54
o
, as shown in Figure  5-12 and Figure  5-13.  
Flexural crack initiated at 46, and 41 kN, respectively.  Splitting bond crack parallel to the 
tensile reinforcement in the shear zone were observed in GH-66 slab with a length of 250 mm. 
GH-56 
GV-58 
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Figure  5-12 Series D shear crack patterns GH-66 
 
Figure  5-13 Series D shear crack pattern CV-64  
The cracking behaviour of Series E showed the effect of concrete compressive strength on the 
three CFRP-RC slabs identically reinforced with 7 No 5 CFRP bars with an axial stiffness of 
125698 kN.  The concrete compressive strengths for CV-74, CV-74-A and CV74-B slabs were 
52, 76 and 86.2 MPa, respectively. Shear cracks initiated at the right hand side for the three 
slabs.  The critical shear crack was located at 10,11R, 13,14R and 12,13R, for CV-74, CV-74-
A and CV74-B slabs, respectively. The slabs developed multiple critical cracks. A total of three 
critical cracks inclined at 49, 88, and 100
o
, were developed in slab CV-74.  However the 
cracks inclined at 88
o
 and 100
o
 were too steep to be considered as shear cracks (they more 
represent flexural cracks), but as they were close to shear crack inclined at 49
o
, so they shared 
at failure. Shear crack in CV-74A was inclined at 37, and a single shear crack for CV-74B 
inclined at 31
o
 were observed.  Shear cracks initiated at 92, 127, and 155 kN for CV-74, CV-
74-A and CV74-B, respectively. These values correspond to 29, 38 and 57% of the ultimate 
load for the slabs, respectively.  
GH-66 
CV-64 
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Figure  5-14 Series E shear crack pattern CV-74 
 
Figure  5-15 Series E shear crack pattern CV-74A 
 
Figure  5-16 Series E shear crack pattern CV-74B 
Slabs of Series F had the highest reinforcement axial stiffness. It should be mentioned that 
GH-66B had few shrinkage cracks before testing that are indicated in dotted lines (in red) on 
the slab cracking pattern as shown in figure 5.19. The failure occurred on the right hand side 
for CV-85 and GH-66B while it was on the right hand side for GH-78. Failure location was at 
15,16R, 13,14R, and 14,15L, for CV-85, GH-66B, and GH-78 slab, respectively. The shear 
CV-74 
CV-74B 
CV-74-A 
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crack was inclined at 30, 40, and 34
o
, respectively. The load at initial shear crack was 175, 
160, and 230 kN, for CV-85, GH-66b, and GH-78, respectively. These values represent 45, 
47, and 54% of the ultimate failure load, respectively. The neutral axis depth was 54 mm, 
74mm and 33mm, for CV-85, GH-66b, and GH-78 slab, respectively. Splitting cracks 
developed parallel to the tensile reinforcement, forming a critical splitting bond crack in GH-
66B and GH-78 slabs with a length of 600, and 800 mm, respectively. 
 
Figure  5-17 Series E shear crack pattern CV-85  
 
Figure  5-18 Series E shear crack pattern GH-78 
CV-85 
GH-78 
(a) 
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Figure  5-19 Series E shear crack patterns GH-66B 
 
Figure  5-20 Series E shear crack pattern S-56 
5.5.2 Slab failure mechanisms and ultimate shear strength 
Shear capacity is the maximum shear force that a critical section can sustain. The 
reinforcement axial stiffness plays a major role in controlling the slab mode of failure, it is 
widely accepted that a main contributor to shear resistance in concrete is aggregate interlock. 
All specimens experienced brittle shear failure with explosive nature in some slabs having 
higher concrete compressive strength or those having lower reinforcement transverse shear 
stiffness. Slab modes of failure are indicated in Table  5-4. Specimens in all series developed 
either diagonal tension failure or shear-compression failure. In the former, a critical diagonal 
crack forms which proceeds to widen sufficiently such that stress redistribution to other shear 
resistance mechanisms is no longer possible causing the concrete to rupture. The formation of 
the shear crack was associated by slight bending in the tensile reinforcement resulting in either 
FRP shearing-off followed by concrete cover spalling (ex., GV-46, CV-54, CV-64, and CV-
74-A slabs) or only concrete cover spalling without shearing-off in FRP bars (ex., GH-56-A, and 
GH-56-B slabs). It was clear that portions of the bars that appeared after concrete cover 
GH-66B 
TS-56 
(a) (b) 
GH-66B 
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spalling and separation of the slab showed interlaminar splitting in the FRP bars, when the 
reinforcing bars are subjected to dowel action in addition to the local bending action. This 
state of stress affects the bars in a way that bar interlaminar splitting failure took place as 
shown in Figure  5-21.  
 
Figure  5-21 Typical view of inter-laminar splitting in FRP bars after failure 
In shear-compression failure, the compression zone in the slab is reduced by the inclined 
flexure-shear crack to an extent where the concrete in this zone crushed. The details of the 
failure mechanisms are described in the following section. 
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Table  5-4 Failure modes ultimate capacities and critical shear crack characteristics 
Series  Slab 
Vexp 
(kN) 
Pu 
(kN) 
Failure 
Mode 
*(M) 
Failure 
Location 
NSC 
SC 
*(T) 
Inclination 
of the shear 
crack(s) 
(θ)o 
Pc 
(kN) 
PSC 
(kN) 
PSC /Pu 
% 
Dowel-
splitting 
length  
(mm) 
A 
GA-56 94 188 DT 15,16L 1 D 53 22 NC 0 --- 
GV-46 106 211 SCS 12,14R 1 D 37 29 63 30 --- 
B 
GH-56 155 309 DT 12,13L 1 DSC 42 21 172 56 500 
GH-56-A 163 327 SC 11,12L 1 DSC 30 60 148 45 600 
GH-56-B 145 290 SC 12,13L 1 DSC 25 43 98 34 300 
C 
CV-54 119 237 DT 14,15L - - 41 35 133 56 --- 
GV-58 121 242 DTS 13,14R 1 D 23 50 207 86 --- 
GH-56 155 309 DT 12,13L 1 DSC 42 21 172 56 500 
D GH-66 167 335 DT 13,14R 1 DSC 64 46 136 41 250 
 CV-64 141 282 SCS 13,14L 1 D 54 41 79 28 --- 
E 
CV-74 159 317 SC 10,11R 2 D 49 59 92 29 --- 
CV-74-A 168 336 SCS 13,14R 1 D 37 57 127 38 --- 
 CV-74-B 137 274 SCS 12,13R - - 31 43 155 57 --- 
F 
CV-85 192 385 SCS 15,16R - - 30 43 175 45 --- 
GH-66B 170 340 SB 13,14R 1 DSC 40 58 160 47 600 
S-56 N.A. 252 FC N.A. --- --- ---- 48.2 N.A. N.A. N.A. 
GH-78 213 426 SB 14,15L 1 DSC 34 47.5 230 54 800 
 
*(M) DT: Diagonal tension failure, SC: Shear compression failure, SCs: Shear compression failure (followed by FRP shearing off) and SB shear bond failure, 
FC flexural compression failure *(T) Types of secondary crack are D for diagonal cracks or DSC dowel splitting crack along the reinforcement. N.A not 
applicable. 
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5.5.2.1 Series A failure modes and ultimate capacities  
GA-56 ruptured by a sudden formation of an inclined flexure-shear crack. This was due to 
diagonal tension failure as shown in Figure  5-22. A secondary shear crack was associated 
with the flexural-shear crack; the remained FRP bars didn’t shear off, the slab kept its 
integrity even after failure. While GV-46 ruptured by shear compression failure as shown in 
Figure 5-23, the critical shear crack and the shearing-off of the top and bottom reinforcement 
separated the slab completely into two parts. It can be noted that the existence of a secondary 
shear crack helped in the development of a concrete tooth for this slab. The ultimate shear 
capacity of GA-56 was 94 kN, while GV-46 ruptured at 105.5kN (which 12% higher). The 
change of the failure mechanism of the slab as well as the increase in the ultimate shear 
capacity could be explained through the change of the shear crack location. This can be 
referred to the contribution of arching action which was dependent on the critical shear crack 
location. It was noted that in GV-46 slab, the crack was far from the support allowing for 
enhanced arching action.  
 
 
Figure  5-22 Series A failure mode GA-56 
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Figure  5-23 Series A failure mode GV-46 
5.5.2.2 Series B failure modes and ultimate capacities  
Series B included the slabs GH-56, GH-56-A, and GH-56-B. Slab GH-56 ruptured by 
diagonal tension failure associated with splitting bond as shown in Figure  5-24. While both 
GH-56-A and GH-56-B ruptured by shear compression failure as shown in Figure  5-25, and 
Figure  5-26, respectively. Failure loads increased from 309 to 327 kN and reached 290 kN for 
GH-56-B slab.  This indicates that an increase of the compressive strength of the concrete 
caused a reduction of the compression zone depth from 20 and 21 mm for GH-56, and GH-
56-A, respectively, to 17 mm in GH-56-B.  
  
Figure  5-24 Series B failure mode GH-56  
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Figure  5-25 Series B failure mode GH-56A 
 
Figure  5-26 Series B failure mode GH-56B 
5.5.2.3 Series C failure modes and ultimate capacities  
All the slabs of this group, slabs CV-54,GH-56, andGV-58, ruptured by diagonal tension 
failure as shown in Figure  5-27, Figure  5-28, and Figure  5-29, respectively. It can be noted 
that no cover splitting or dowel failure were detected in CV-54, and GV-58, while some 
splitting cracks were detected in GH-56 slab. The slabs of this Series kept their integrity even 
after failure. The shear capacities of CV-54, GH-56, and GV-58were 309, 237 and 242 kN, 
respectively. Although the shear failure in GH-56 was associated with bond splitting cracks, 
as shown in Figure  5-28, the slab reached a significantly higher shear capacity compared to 
GV-58 slab.  
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Figure  5-27 Series C failure mode CV-54  
 
Figure  5-28 Series C failure mode GH-56  
 
Figure  5-29 Series C failure mode GV-58 
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5.5.2.4 Series D Failure Modes and Ultimate Capacities  
Series D included two slabs namely GH-66 and CV-64.  Both slabs ruptured at the same 
location 13,14L with the development of a secondary shear crack. GH-66 ruptured by 
diagonal tension failure without rebar splitting as shown in Error! Reference source not found. 
hile CV-64 ruptured by shear compression failure with bar shearing-off as shown in Error! 
Reference source not found.. GH-66 ruptured at a higher load level of 335 kN, while CV-64 
ruptured at 282 kN. The compression zone depth in GH-66 was 22 mm, this value increased 
to 27 mm in CV-64 slab as given in Table 5.3. This confirms the observation of the 
contribution of the dowel action to the shear strength. The slabs reinforced with FRP bars 
with higher diameter and consequently higher shear stiffness resulted in an important 
increase of the shear strength of the FRP RC slabs.  
 
Figure  5-30 Series D failure mode GH-66  
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Figure  5-31 Series D failure mode CV-64 
5.5.2.5 Series F failure modes and ultimate capacities  
The slab reinforced with steel bars (S-56) did not experience shear failure; this slab ruptured 
in flexural compressive failure as shown in Error! Reference source not found.. The other slabs 
f Series F, slabs CV-85, GH-66B, and GH-78 failed in shear, as shown in Error! Reference 
source not found. to Error! Reference source not found.; these three FRP RC slabs reached 
ultimate shear capacity of 385, 340, and 426 kN, respectively. The location of the shear 
cracks was 15,16R, 13,14R and 14,15L, for the slabs CV-85, GH-66B, and GH-78, 
respectively. The neutral axis depth for each of the slabs was around 30 mm. The use of 
bundled bars GH-66B caused an increase of the compression zone of 37 mm at failure. In 
GH-78 slab, the compression zone was 20 mm. The mode of failure was shear compression 
failure with bar rupture for CV-85 while slabs GH-66B and GH-78 ruptured by shear 
combined with cover splitting; there was no bar rupture for these slabs. The use of bundled 
bars adversely affected the shear strength by activating the bond splitting cracks at an early 
stage of loading which caused the slab to fail by bond splitting failure. 
Chapter 5 Behavior of Shear Prone One-Way Concrete Slabs Reinforced with FRP bars     
 
140 
 
 
 
Figure  5-32 Series F failure mode TS-56 
  
Figure  5-33 Series F failure mode CV-85  
 
Figure  5-34 Series F failure mode GH-66B 
(a) 
(a) 
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Figure  5-35 Series F failure mode GH-78 
 
5.5.2.6 Series Efailure modes and ultimate capacities  
CV-74A and CV-74B slabs ruptured by shear compression failure associated with bar rupture. 
This mode of failure resulted in a complete separation of the two parts of the slabs Figure 
5.30, Figure 5.31 and Figure 5.32 Failure loads increased from 317 to 336 kN with an 
increase of the concrete strength from 52 to 76 MPa. It can be noted that the use of concrete 
of higher compressive strength of 86.2 MPa (slab CV-74B) caused a reduction in the shear 
strength load: 274kN compared to 317 and 336 kN for compressive strength of 52 to 76 MPa, 
respectively. This reduction of the shear strength for higher strength concrete is attributed to 
the reduction of the compression zone depth. The compression zone depth was reduced from 
32 mm for normal strength concrete slab CV-74 to 24 and 15 mm for high strength concrete 
slabs CV-74A, and CV-74B, respectively. For both CV-74-A, and CV-74-B slabs, it was 
observed that the dowel forces caused bending in the main reinforcement followed by 
concrete cover spalling and bar rupture.  
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Figure  5-36 Series E failure mode CV-74  
 
Figure  5-37 Series E failure mode CV-74-A 
(a) 
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Figure  5-38 Series E failure mode CV-74-B 
5.5.3 Shear crack surfaces and FRP bars at failure  
Clear understanding of the shear behaviour of slabs and different factors contributing to the 
shear resistance is better explained when investigating the shape, surface texture, details of 
the crack surfaces and the failure of the bars.  Some RC slabs kept their integrity after failure 
such as slab GA-56 that the shear crack surface could not be investigated. Slabs that were 
separated into two parts allowed the investigation of the failure surfaces and bar conditions 
when sheared off. In GV-46 slab, a rough failure surface was observed with multiple zones 
of abrasion of the shear failure surface. Also it was obvious that critical shear crack passed 
through the top transverse reinforcing bar as seen in Figure  5-39. This shear crack pattern 
was observed for all the other sheared-off slabs.  
 
Figure  5-39 Shear failure surfaces 
(b) CV-74B (a) CV-74B 
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This indicates that the top rebar contributed to the sliding interlock resistance. This test 
observation is important to consider the effect of top transverse reinforcement on the 
aggregate interlock resistance. In fact, the shear crack path is defined with the weakest links, 
since the path passes through the top reinforcement.  So it is expected that the aggregate 
interlock resistance is reduced as the FRP-concrete bond should be less than the aggregate 
cement resistance. Internal splitting through the slab depth at an angle of around 45
o
 was 
observed resulting from bond splitting crack Figure  5-40 (c). Between the tensile reinforcing 
bars, the crack surface followed a curved path indicating the release of tensile stresses 
between bars. Concrete around the reinforcing bars was apparently perfectly bonded, with no 
holes in the immediate vicinity of the reinforcing bars crossing the crack.  
  
(a) Splitting in CFRP bars CV-84        (b) Bending in GFRP bars GH-56A          (c) Concrete internal diagonal splitting  
Figure  5-40 Dowel failure of FRP bars and concrete splitting 
Test results have indicated that FRP bars have a minor contribution in local disturbance in 
the crack structure compared to steel reinforcement due to the differences in the transverse 
modulus of elasticity of FRP and steel bars. For steel bars, holes are generally observed 
around the bars. This means that the difference in the effectiveness of dowel action between 
FRP and steel RC elements does not depend only of the shear stiffness. At failure of the slab 
CV-84, the Carbon FRP bar experiences longitudinal splitting as shown in Figure  5-40(a). 
The splitting cracks in the CFRP bars are resulting from flexural forces which affect the bars 
during the dowel action. This behaviour is clearly shown at the side of the slab where 
concrete spalling took place. During shear failure of the slab GH-56A, the GFRP bars in 
flexural side were bent at the location of shear crack to satisfy compatibility conditions as 
 
Diagonal Splitting 
Crack 
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shown in Figure  5-40(b), but the shear forces did not cause complete rupture of the GFRP 
flexural reinforcement. 
5.5.4 Shear crack patterns  
The observed shear crack patterns have shown a strong correlation between the locations at 
which the shear crack initiated and the flexural reinforcement axial stiffness. The shape of the 
shear crack and the number of shear crack branches affected the ultimate capacity of the slab 
and the mechanism of failure. Figure  5-41 shows a typical crack pattern in slabs under shear 
loads. Through this figure, we can see that the location of shear failure critical crack 
separates two regions: 1) the left region of no critical crack and 2) the right region with no 
shear failure. As the shear failure critical crack is closer to the support, less shear capacity is 
achieved and higher cracking load is reached. As the crack location is closer to the loading 
point, results have shown an increase in the shear capacity and decrease of the cracking load.  
                                              
 
 
 
 
 
Figure  5-41 Typical crack pattern in slabs without stirrup under shear load 
The results have shown that the critical shear crack and cracks do not  occur at identical 
locations for different slabs. The position of the critical shear crack depends on the inertia of 
the RC slab which related to the reinforcement ratio of the flexural reinforcement. The 
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control section for slabs subjected to concentrated loading is normally taken at d/2 from the 
point load . This choice is justified as shear force is constant along the shear span, but close 
to mid-span, the bending moments are maximal thus, the cracks are wider and, consequently, 
the shear strength is minimal. 
5.5.5 Effect of the axial stiffness on the experimental shear strength  
The shear strength obtained for the slabs ( cV ) is plotted against the reinforcement axial 
stiffness ( EA ) in Figure  5-42. It is observed that the shear strength increases with the 
increase of the reinforcement axial stiffness. The same trend was also observed when the 
shear strength was normalized with respect to dbf wc
'  as shown in Figure  5-43. Slabs with 
identical axial stiffness and variable concrete compressive strength provided different values 
of shear strength. It can be noted that the effect of variation of concrete strength was still 
obvious even after normalization with dbf wc
' . 
 
Figure  5-42 Experimental shear strength versus reinforcement axial stiffness 
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Figure  5-43 Normalized shear strength versus reinforcement axial stiffness 
5.6 Discussion of experimental results  
Through the experimental observations of the present research program it was noted that: 
When the failure is governed by compressive concrete crushing, the dowel forces result in 
shearing off of FRP bars. This leads to the loss of the developed arch action and a total loss 
in the integrity of the member. In other modes of shear failure and in the cases that the 
concrete in the compression zone does not reach the ultimate compressive strains, the dowel 
forces does not lead to the shearing off of FRP bars and the arch action is still activated even 
after shear failure.  
Actions in dowel failure of FRP reinforced concrete members are expected to be similar to 
that of steel reinforced concrete. Differences in material characteristics between steel and 
FRP reinforcement include the uni-axial behaviour of FRP bars and the lower shear stiffness 
in the transverse direction. Those differences in mechanical properties result in differences in 
the dowel action behaviour. Axial reinforcing bars subjected to dowel forces are subjected to 
flexural action resulting from the resistance of FRP rebar to flexural force. The resistance of 
FRP to flexural actions is very low which resulted in some slabs in longitudinal splitting in 
V
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the portion of FRP rebar subjected to dowel forces. This was observed in some slabs such as 
CV-85 slab. Some bars could resist the flexural forces resulting from dowel action without 
shearing off and with no longitudinal splitting even after the concrete cover splitting (slab 
GH-56-B). In dowel action, the FRP bars push against the concrete cover. Due to the lower 
transverse stiffness of FRP bars with respect to steel, it is expected that the concrete cover 
spalling associated to dowel failure is delayed in FRP reinforced flexural members.  
For slabs experiencing diagonal tension failures, the flexural reinforcement was subjected to 
high bond stresses. Sufficient magnitude of the tensile stresses in the concrete surrounding 
the bars is developed, in combination with the existing splitting stresses due to flexural bond. 
Those stresses result in splitting failure along the plane of the reinforcement resulting in 
premature bond failure or a combined shear bond failure causing a reduction in the shear 
capacity of the slab. When shear failure was imminent, horizontal cracking propagated from 
the terminal diagonal-tension shear crack back towards the support. It is hypothesized that 
when aggregate interlock is essentially lost due to opening of the inclined failure crack, there 
is a redistribution of net shear transfer across the section.  With steel reinforcement, the 
strength of the reinforcement-concrete bond is a governing factor in shear failure (Kani 1964; 
Bazant and Kazemi 1991). If the bond is weak, the reinforcement can pull out from the 
surrounding concrete, usually towards the center of a beam (Kotsovos and Pavlovic , 1999). 
This destroys beam action, which relies on load transfer across the reinforcement-concrete 
interface.  Longitudinal splitting of the concrete initiates at a free surface or transverse 
flexural crack where the bar is most highly stressed (ACI 408R-03).  Through the current 
experimental testing, extensive bond splitting cracks were detected in both GH-66B and GH-
78 slabs. Similar mode of failure was observed previously by Yost, et al. (2001). The bond 
splitting was detected through initiation of horizontal splitting cracks. Splitting failure mode 
resulted from insufficient concrete cover depth or anchorage depth beyond the support. 
Splitting cracks developed with obvious opening, and finally with complete separation of the 
slab in the flexural reinforcement level between the critical shear crack at the support. 
As the aggregate interlock is lost, dowel action in the longitudinal reinforcement must 
increase to maintain cross sectional equilibrium. The sudden increase in dowel action causes 
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vertical tension stress of sufficient magnitude in the concrete surrounding the bars that, in 
combination with the existing splitting stresses due to flexural bond, splitting failure along 
the plane of the reinforcement occurs. This same failure sequence has been reported in 
experimental shear strength tests of FRP RC beams by Yost, et al. (2001). Similar resultas 
were reported by Krefeld and Thurston (1966), and Acharya and Kemp (1968) for steel-
reinforced concrete beams. 
Shear crack pattern, distribution and locations had a major influence on the slab shear 
behaviour.  Shear crack pattern can result in developing a rotational capacity for the FRP-RC 
slabs. For example, when a virtual hinge formation was detected in CV-74 slab, it was 
observed that the crack pattern has a significant effect formation of a virtual hinging region. 
The virtual hinge occurred in the shear span and it was formed by combination of three major 
cracks. The developed rotational capacity seems to be affected by the existence of 
compression reinforcement and FRP flexural reinforcement. The compression FRP 
reinforcement confines the concrete and the tension FRP bars increase the depth of neutral 
axis and hence decreasing the curvature. 
Cracks intersect the cement paste but run along the edges of the aggregate particles. So the 
aggregate particles, extending from one of the crack faces, "interlock" with the opposite face 
and resist shear displacements. In reinforced concrete slabs with top reinforcement mesh, the 
transverse reinforcing bars play a role in aggregate interlock, which was found to play a role 
in defining the crack path in several slabs. In addition to the aggregate interface, the surface 
between the transverse bar and the aggregate should be considered. This reveals that care 
should be taken in construction from the congestion of reinforcing bars parallel to the critical 
shear crack path which may control the shear crack path and causes reduction in the 
aggregate interlock contribution. Critical crack path was found to be oriented towards the 
weakest points through the slab. The use of top FRP transverse reinforcing bars provided a 
point of weakness that controlled the critical shear crack shape. The existence of reinforcing 
bars parallel to the failure surface are expected to reduce the aggregate interlock contribution 
capacity of the slab, depending on the bar diameter, location and surface conditions.  
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The use of high strength concrete enhanced the ultimate shear strength of the slabs to a 
certain limit after which a drop in the shear strength occurs. Reasons that contribute to the 
reduction of the shear strength are the reduction in the neutral axis depth associated with the 
increase of the concrete compressive strength. The enhancement in the concrete strength is 
mainly influenced by the enhancement in concrete past mechanical properties which 
modifies the aggregate past strength ratio, allowing for the crack path to pass through 
aggregate rather than passing around.  This leads to a reduction in aggregate interlock in case 
of high strength concrete specimens.  Similar experimental observations were noted by de 
Silva et al. (2005). This conclusion is in agreement with design codes which limit the 
concrete compressive strength to 60 MPa for the calculation of the concrete shear strength cV  
(CSA S806, 2012).  
Previous research in steel reinforced concrete indicated the existence of local modifications 
in crack structure in the immediate vicinity of the reinforcing bars crossing the crack by 
splitting forces transmitted through the ribs of the bars into the concrete. Visual inspection to 
the shear failure surface and the area surrounding FRP bars indicates that this mechanism is 
less pronounced in elastic reinforcement.  
The control section is found to be dependent of the axial reinforcement stiffness which 
controls the cracking characteristics of the slab. The control section approaches the support 
by the reduction of the reinforcement stiffness of the slab and approaches the loading point 
by the increase of the reinforcement stiffness.   
5.7 Conclusions 
Sixteen slabs measuring 4000 mm long × 1000 mm wide × 200 mm thick were constructed 
and tested till failure to investigate the shear behaviour of one-way FRP reinforced concrete 
slabs. Based on the obtained results, the following conclusions were drawn: 
1. When the failure is governed by compressive concrete crushing, the dowel forces result 
in shearing off of FRP bars. This leads to the loss of the developed arching action and a 
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total loss in the integrity of the member. In other modes of shear failure and in the cases 
that the concrete in the compression zone doesn’t reach the ultimate compressive strains, 
the dowel forces does not lead to the shearing off of FRP bars and the arching action is 
still activated.  
2. For slabs experiencing diagonal tension failures, the flexural reinforcement was 
subjected to high bond stresses. Sufficient magnitude of the tensile stresses in the 
concrete surrounding the bars is developed, in combination with the existing splitting 
stresses due to flexural bond, causes splitting failure along the plane of the reinforcement 
resulting in premature bond failure or a combined shear bond failure causing a reduction 
in the shear capacity of the slab. 
3. Steel reinforced slab with similar axial stiffness to FRP reinforced slab provided lower 
flexure capacity, while FRP reinforced slab could provide higher overall capacity though 
it ruptured in shear.  
4. To reach the highest shear strength, higher FRP reinforcement diameters should be 
selected for the same axial stiffness while insuring full bond anchorage.  
5. Due to the bond splitting, the FRP bars with large diameters provided better 
enhancement to the shear strength than using bundled bars with equivalent diameters.  
6. An increase in the concrete compressive strength increased the shear strength of the slabs 
until a certain limit; further increase in compressive strength adversely affected the 
overall shear capacity of the slab. 
7. The tested shear critical FRP reinforced one-way slabs develop single, multiple or triple 
shear cracks. The shear crack angle increased when the location of the shear crack 
approached the loading point and was reduced when approaching the support. 
8. The shear strength of one-way concrete slabs was found to be proportional to the axial 
stiffness of longitudinal FRP reinforcement. As the axial stiffness of FRP reinforcement 
increased, the obtained shear strength increased. The enhancement in the shear capacity 
was due to the improvement of the shear transfer mechanism. 
9. While all the shear failures of the slabs were brittle and sudden, the use of CFRP bars 
resulted in undesirable catastrophic mode of failure. Most of the slabs reinforced with 
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CFRP collapsed into two separate parts, while GFRP reinforced slabs maintained their 
integrity even after failure, except for those with very low reinforcement ratios.  
10. The transverse top bar effect should be considered when accounting for the aggregate 
interlock contribution, this should be considered in construction to avoid excessive top 
concentration of secondary reinforcement for its adverse effect on shear. 
11. After cracking a part of the applied shear force are transferred as flexural force action 
and axial force action on the rebar. It was noted that flexural force action causes 
longitudinal splitting in FRP rebars.  
12. The high-strength concrete specimens show larger shear cracking load compared to 
normal strength concrete specimens. 
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CHAPTER 6 EVALUATION OF SHEAR DESIGN 
CODE MODELS AND REVISED SHEAR 
EQUATION  
6.1 Abstract 
This study focuses on the shear resistance of one-way concrete slabs longitudinally 
reinforced with fiber-reinforced polymer (FRP) bars. Twenty one simply supported full size 
FRP reinforced concrete slabs were constructed and tested under a two-point flexure loading. 
The test variables included the type of the reinforcement, the axial stiffness and the 
reinforcement ratio, and the strength of the concrete. In addition, a global experimental 
database, covering unidirectional concrete members reinforced with FRP bars (beams and 
slabs) tested in shear, was assembled from the literature.  The results of the current study and 
the data from the literature were used for the evaluation of the current shear models of FRP 
RC unidirectional members. A wide range of reinforcement ratios, shear span to depth ratios 
(a/d), and the geometry of the specimens is covered. The compiled database consists of 203 
specimens including the 21 FRP-RC slabs tested in the present study. The results are 
compared to the shear concrete-contribution models derived from CAN/CSA-S806-12 
(2012), CAN/CSA-S6.1S1 (2010), ACI440.1R-06 (2006), and JSCE (1997).  It was found 
that the CSA-S806 code provides the closest results, a modification is proposed to the current 
form of the equation that provides an enhancement to the current equation. 
Key words: FRP bars, Shear, Concrete, Slabs, Beams, Design codes 
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6.2 Introduction 
Structural behaviour of reinforced concrete members in terms of bending is well understood. 
The various procedures for design and code provisions for bending strength capacity are 
reasonably consistent. However, shear behaviour of such concrete elements is still not fully 
well explained. Shear design provisions made by different international codes reveal great 
variation from code to code in the fundamental principles of shear prediction. This has led to 
research over the last five decades, with increased research activity over the last 20 years. 
The understanding of shear behaviour in reinforced concrete members is limited as a result of 
a complex transfer mechanism and varying influencing parameters. In this chapter, the 
experimental test results of the present study in addition to 203 shear tests will be evaluated 
with respect to different design codes and guidelines.  
6.3 Research Significance 
FRP is a relatively new material, with variable reinforcement types and properties. Design 
guidelines and equations are often over-conservative thus increasing the construction cost of 
a structure. Many of the available design models and equations were developed using limited 
experimental data available at that time. Higher accuracy of models is obtained through 
enriching the experimental database. This study presents the recent models/code equations 
and verifies the performances of these existing code equations against the present 
experimental investigation and the current and larger database. Design equations for shear 
strength of members without transverse (shear) reinforcement classically have been derived 
empirically from a body of experimental test data, considering several variables. The 
experimental data collected in this study is used by the author in enhancing the design 
approach for FRP-reinforced concrete members with no transverse (shear) reinforcement 
while maintaining similar format that practicing design engineers have been familiar with. 
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6.4 Experimental Database   
During the last decade, several studies have been performed on shear behaviour of FRP-RC 
members without shear reinforcement (beams and slabs). The results of those experimental 
investigations constitute the only way to verify the validity of the developed models and to 
evaluate the present code models. A complete existing database on shear behaviour of FRP-RC 
members that is easily accessible is very limited and the quick development in experimental 
investigation in shear behaviour of FRP reinforced concrete members makes it necessary to 
review the current status of available experimental data worldwide. In this study, a database 
collected included 225 shear test results from different sources of flexural elements reinforced 
with FRP bars. The database includes the twenty one FRP-RC slabs tested in the present 
experimental study. Out of 225 elements the database was reduced to 203 elements by excluding 
beams with (a/d) ratio less than 2.5 as well as members constructed using light weight concrete.   
The database comprises both beams and one-way slabs; most of the beams were rectangular and 
were simply supported and tested under four-point bending systems. The scope of this study is 
focusing mainly on shear design methods developed for slender beams and one-way slabs 
reinforced with FRP bars using normal weight concrete. All the beams in the database do not 
have web reinforcement. The major parameters that were considered in selecting these flexural 
members included concrete strength span to effective depth ratio, member width and depth, and 
amount of longitudinal reinforcement. The statistical distributions of these influencing 
parameters are shown in Table 6-1. The data included in the database was collected through 
different experimental investigations and research papers in addition to the current study (El-
Sayed et al., 2005, El-Sayed et al., 2006a, El-Sayed et al., 2006b, Razaqpur et al., 2004, Gross et 
al., 2004, Tariq and Newhook, 2003, Gross et al., 2003, Tureyen and Frosch, 2003, Yost et al., 
2001, Alkhardaji et al., 2001, Deitz et al., 1999, Razaqpur et al., 2011, Duranovic et al., 1997, 
Swamy and Aburawi, 1997, Bashir and Ashour, 2012,  Zhao et al., 1995, Bentz et al., 2010, 
Omeman et al., 2008, Ashour,  2005, Allam 2010, and Liu et al., 2012).  
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6.5 Statistical Analysis of Database Variables  
The distribution of geometrical and mechanical properties of the 203 test specimens failed  in 
shear were created to compare the experimentally determined shear capacities with the 
predictions of the four shear design methods (ACI 440.1R-06, CSA S806-12, CAN/CSA-S6.1S1, 
and JSCE). Some of the specimens collected from the same investigation had identical material 
and geometrical properties; however, their experimentally obtained shear capacities were 
different. The descriptive statistics the 203 members in the collected database as well as their 
original sources are presented in Table  6-1. 
Through the statistical analysis of the present database, it was observed that the most influencing 
parameters contributing to the shear strength of FRP-RC members without shear reinforcement 
are covered. These parameters include the axial stiffness of flexural reinforcement, the )/( da  
ratio, the geometry of the specimen (size effect), and the concrete compressive strength. 
However, the data in Table  6-1 shows that most of the tested RC elements have narrow widths 
(less than 500 mm). Members with depths ranging between 500 and 1000 mm are very rare. 
Also, the data in Table 6-1 shows that tested RC members with )/( da ratio between 3.5 and 4.5 
are inexistent. The reinforcement ratio is a fairly well distributed parameter. Also, the collected 
data shows that most of the tested specimens included GFRP bars.  
6.6 The Refined Equation Based on CSA Code model 
The following refined equation 6-1, which follows the same form of the equation in the new 
CSA S806-12 (2012), is proposed. The parameters incorporated in the equation are: )/( da ,
 ffE  , and )(d . The constants b1, b2, b3, and b4 were determined using a regression analysis 
including the experimental results of the collected database (Table  6-2).  Equation 6-2 presents 
the new form of the calibrated; note that this equation is valid only for concrete compressive 
strength not exceeding 60 MPa. 
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6.7 Evaluation of Codes and Guidelines  
 
The experimental shear capacities )( expV of the specimens shown in Table  6-2 is compared with 
their corresponding predicted shear capacities )( cV .From the results shown in Table  6-3, it can 
be seen that the proposed refined equation has the lowest mean of Vexp/Vpred The mean and 
standard deviation of )/( exp predVV  using the proposed equation are 0.97 and 0.22, respectively. 
While the corresponding values for CSA S806 (2012), CSA S6.1S1 (2010), ACI-440.1R (2006), 
and JSCE (1997) equations are 1.13, and 0.24; 1.35, and 0.34; and 1.85, and 0.40; 1.32 and 0.32 
respectively. The experimental test results are also plotted against the predicted values in Figure 
 6-1 to Figure  6-6 in order to examine the consistency of the predictions. A trend line is fitted to 
the data using regression analysis. The trend line is forced to pass through the origin of the graph 
(0,0). It was observed that the predicted shear strengths are in good agreement with the 
experimental ones especially in the lower range for CSA S806 (2012), CSA S6.1S1 (2010),. For 
the proposed equation, it can be seen that the slope of the trend line is equal to 1.0, which 
indicates that the predicted shear strengths are generally conservative and efficient. The 2R  value 
of the regression line is 0.90, which indicates a good correlation between the experimental and 
the predicted results as shown in Figure  6-5. 
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Table  6-1 Descriptive statistics of the experimental database 
N Reference 
Number of 
specimens 
bw (mm) d (mm) a/d 
/
cf min and max (MPa) f  (%) Ef Gpa Vexp (KN) Type 
1 Current Study 21 1000 135-143 5.9-6.3 41.3-82.6 0.52-3.78 40.8-139.2 93.9-212.8 G-HMG-C 
2 El-Sayed et al., (2005) 8 1000 154.1-165.3 6.0-6.5 40 0.39-2.63 40-114 113-190 C 
3 El-Sayed et al., (2006)b 6 250 326 3.1 43.6-50 0.87-1.24 39-128 60-124.5 G-C 
4 El-Sayed et al., (2006)a 4 250 326 3.1 63 1.71-2.2 42-135 87-174 G-C 
5 Razaqpur et al., (2004) 6 200 225 2.7-4.2 40.5-49 0.25-0.5 145 36-49.7 G 
6 Gross et al., (2004) 4 89-159 141-143 6.4-6.5 60.3-81.4 0.33-0.76 139 9.8-15.4 C 
7 Tariq and Newhook (2003) 6 130-160 310-346 2.8-3.7 37.3-43.2 0.72-1.42 42-120 44.1-59.1 C-G 
8 Gross et al., (2003) 4 152-203 225 4.1 79.6 1.25-2.56 40.3 32.5-46.4 G 
9 Tureyen and Frosch (2003) 6 457 360 3.4 39.7-42.6 0.96-1.92 37.6-47.1 97.6-177 G-A 
10 Alkhrdaji et al, (2001) 3 178 279-287 2.6-2.7 24.1 0.77-2.3 40 36.1-53.4 G 
11 Deitz et al., (1999) 5 305 157.5 4.5-5.8 27-28.6 0.73 40 26.8-28.5 G 
12 Duranovic et al., (1997) 2 150 210 3.7 32.9-38.1 1.31 45 22-26.5 45 
13 Swamy and Aburawi (1997) 1 254 222 3.2 39 1.55 34 19.5 G 
14 Zhao et al., (1995) 3 150 250 3.0 34.3 1.51-3.02 105 40.5-45.0 G 
15 Lubell et al., (2004) 7 150-450 168-970 2.5-3.1 34-59 0.45-1.39 32-40 12.5-136 G 
16 Tottori and Wakui (1993) 4 200 325 3.2 44.6-46.9 0.7-0.9 58-192 87-118 G 
17 Nagasaka, (1993) 2 250 265 3.1 22.9-34.1 1.9 56 8.3-113.0 GC 
18 Nakamura and Higai (1995) 2 300 150 4.0 22.7-27.8 1.3-1.8 29 33-36 G 
19 Matta et al., (2008) 7 114-457 147-883 3.1 29.5-59.7 0.59-1.18 40.7-41.4 15.2-220.7 G 
20 Yost et al., (2001) 30 89-279 141-225 4.1-6.5 36.3-81.4 0.33-2.27 40.3-139 8.8-51.0 G-C 
21 Gross et al., (2003) 12 152-203 224-225 4.1 79.6 1.25-2.56 40.3 30.4-48.3 G 
22 Tariq and Newhook (2003) 27 130-305 157.5-360 2.8-5.8 27-43.2 0.72-3.02 34-120 19-177 G-C 
23 Guadagnini et al., (2006) 7 150.00 195-223 3.3-3.4 34-59 0.45-1.28 32-45 12.5-30 G 
24 Alam  (2010) 24 250-300 291-594 2.5-3.5 34.5-74.2 0.18-1.47 46.30-144 43.7-155 G.C 
25 Massam  1 450 438 3.5 35.00 0.55 40.80 86.0 G 
 All Specimens  203 89-1000 141-970 2.5-6.5 22.7-81.4 0.18-3.78 29-192 9.8-220.7 G.C.A 
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Figure  6-1 predV  ACI 440.1R-06 versus expV database  
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Figure  6-2 predV JSCE 1997 versus expV database 
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Figure  6-3 predV CSA S806-12 versus expV database 
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Figure  6-4 predV  CAN/CSA S6 (2010) versus expV database 
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Figure  6-5 predV proposed equation versus expV database 
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Figure  6-6 predV different codes and proposed equation versus expV database 
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Table  6-2 Experimental database and code model predictions  
 
 
wb  (mm) 
d 
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Present Study 
GA-56 1000 140 6.07 47.9 1.01 40.8 93.93 1.65 0.86 1.04 1.14 1.26 
GV- 46 1000 140 6.07 48.4 0.79 47.6 118.5 2.15 0.96 1.32 1.43 1.20 
GV-56 1000 140 6.07 48.4 1.01 47.6 105.5 1.73 1.08 1.11 1.27 1.12 
GV- 66 1000 140 6.07 48.4 1.22 47.6 118.5 1.78 1.10 1.17 1.43 1.06 
GV-76 1000 140 6.07 49.7 1.42 47.6 163.4 2.28 1.07 1.52 1.95 0.93 
GV-58 1000 137.5 6.18 47.9 1.85 51.9 145.2 1.78 1.06 1.21 1.55 1.05 
GH-56 1000 140 6.07 42.9 1.01 69.5 168 2.39 1.49 1.62 2.09 1.00 
GH-66 1000 140 6.07 49.4 2.26 69.5 121.5 1.53 1.49 0.87 1.34 1.10 
GH-66B 1000 140 6.07 48.6 2.43 69.5 120 1.13 1.24 0.83 0.98 1.17 
GH-78 1000 137.5 6.18 50.3 1.42 69.5 121 1.12 1.51 0.99 0.97 1.17 
GH-56a 1000 140 6.07 77.4 1.01 69.5 154.7 2.01 1.33 1.22 1.73 0.88 
GH-56b 1000 140 6.07 82.6 1.03 69.5 137.1 1.78 1.18 1.07 1.48 1.22 
CV-54 1000 143.5 5.92 49.7 0.45 144 167.3 2.32 1.06 1.54 1.99 0.90 
CV-64 1000 143.5 5.92 49.6 0.54 144 141 1.80 1.26 1.22 1.58 1.07 
CV-74 1000 143.5 5.92 52 0.63 144 158.6 1.87 1.35 1.29 1.64 1.01 
CV-84 1000 143.5 5.92 44.8 0.72 144 157.3 1.82 1.35 1.29 1.60 1.01 
CV-65 1000 142.5 5.96 45.6 0.84 140 172.9 1.90 1.42 1.35 1.66 0.96 
CV-75 1000 142.5 5.96 48.6 0.98 140 185.9 1.88 1.43 1.35 1.64 0.95 
CV-85 1000 142.5 5.96 41.3 1.11 140 192.2 1.92 1.50 1.41 1.68 0.91 
CV-74a 1000 143.5 5.92 76.2 0.63 144 170.2 1.93 1.36 1.21 1.72 1.08 
CV-74b 1000 143.5 5.92 86.2 0.63 144 212.8 2.41 1.11 1.46 2.08 0.93 
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El-Sayed et al. (2005) 
 1000 165.3 6.0 40 0.39 114 140.00 2.12 1.35 1.36 1.36 0.95 
 1000 165.3 6.0 40 0.78 114 167.00 1.85 1.51 1.29 1.29 0.98 
 1000 160.5 6.2 40 1.18 114 190.00 1.82 1.59 1.32 1.32 0.95 
 1000 162.1 6.2 40 0.86 40 113.00 1.96 1.11 1.22 1.22 1.08 
 1000 159 6.3 40 1.7 40 142.00 1.85 1.42 1.25 1.25 1.04 
 1000 162.1 6.2 40 1.71 40 163.00 2.07 1.61 1.40 1.40 0.92 
 1000 159 6.3 40 2.44 40 163.00 1.81 1.52 1.27 1.27 1.00 
 1000 154.1 6.5 40 2.63 40 168.00 1.86 1.56 1.32 1.32 0.97 
El-Sayed et al. (2006)b 
 250 326 3.1 50 0.87 128 77.50 1.48 0.92 1.19 1.19 1.02 
 250 326 3.1 50 0.87 39 70.50 2.31 1.19 1.60 1.60 0.79 
 250 326 3.1 44.6 1.24 134 104.00 1.73 1.13 1.45 1.45 0.82 
 250 326 3.1 44.6 1.22 42 60.00 1.68 0.93 1.23 1.23 1.00 
 250 326 3.1 43.6 1.72 134 124.50 1.83 1.24 1.56 1.56 0.75 
 250 326 3.1 43.6 1.71 42 77.50 1.87 1.10 1.44 1.44 0.85 
El-Sayed et al. (2006)a 
 250 326 3.1 63 1.71 135 130.00 1.71 1.16 1.44 1.44 0.80 
 250 326 3.1 63 1.71 42 87.00 1.90 1.11 1.43 1.43 0.84 
 250 326 3.1 63 2.2 135 174.00 2.06 1.44 1.78 1.78 0.65 
 250 326 3.1 63 2.2 42 115.50 2.25 1.36 1.74 1.74 0.68 
Razaqpur et al. (2004) 
 200 225 2.7 40.5 0.25 145 36.10 2.20 1.05 1.42 1.42 0.78 
 200 225 2.7 49 0.5 145 47.00 1.98 1.04 1.38 1.38 0.78 
 200 225 2.7 40.5 0.63 145 47.20 1.89 1.04 1.37 1.37 0.78 
 200 225 2.7 40.5 0.88 145 42.70 1.48 0.85 1.11 1.11 0.96 
 200 225 3.6 40.5 0.5 145 49.70 2.21 1.36 1.55 1.55 0.75 
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 200 225 4.2 40.5 0.5 145 38.50 1.71 1.14 1.20 1.20 1.00 
Gross et al.(2004) 
 127 143 6.4 60.3 0.33 139 13.97 1.70 0.93 1.07 1.07 1.23 
 159 141 6.5 61.8 0.58 139 19.97 1.51 1.07 1.02 1.02 1.26 
 89 143 6.4 81.4 0.47 139 9.80 1.33 0.93 0.86 0.86 1.36 
 121 141 6.5 81.4 0.76 139 15.40 1.26 1.08 0.86 0.86 1.35 
Tariq and Newhook (2003) 
 160 346 2.8 37.3 0.72 42 59.10 3.25 1.64 2.30 2.30 0.55 
 160 346 3.3 43.2 1.1 42 44.10 1.92 1.11 1.42 1.42 0.90 
 160 325 3.5 34.1 1.54 42 46.80 1.99 1.24 1.53 1.53 0.83 
 130 310 3.1 37.3 0.72 120 47.50 2.23 1.33 1.74 1.74 0.69 
 130 310 3.7 43.2 1.1 120 50.15 1.88 1.28 1.52 1.52 0.81 
 130 310 3.7 34.1 1.54 120 57.10 1.99 1.43 1.67 1.67 0.73 
Gross et al.(2003) 
 203 225 4.1 79.6 1.25 40.3 38.03 1.63 1.07 1.06 1.06 1.04 
 152 225 4.1 79.6 1.66 40.3 32.50 1.64 1.12 1.10 1.10 0.99 
 165 224 4.1 79.6 2.1 40.3 35.77 1.50 1.06 1.03 1.03 1.05 
 203 224 4.1 79.6 2.56 40.3 46.40 1.45 1.06 1.02 1.02 1.05 
Tureyen and Frosch (2003) 
 457 360 3.4 39.7 0.96 40.5 108.10 1.75 1.03 1.29 1.29 1.02 
 457 360 3.4 39.7 0.96 37.6 94.70 1.59 0.92 1.16 1.16 1.14 
 457 360 3.4 40.3 0.96 47.1 114.80 1.73 1.04 1.29 1.29 1.01 
 457 360 3.4 42.3 1.92 40.5 137.00 1.60 1.04 1.27 1.27 1.01 
 457 360 3.4 42.5 1.92 37.6 152.60 1.83 1.18 1.45 1.45 0.89 
 457 360 3.4 42.6 1.92 47.1 177.00 1.92 1.28 1.55 1.55 0.82 
Alkhardaji et al. (2001) 
 178 279 2.7 24.1 2.3 40 53.40 2.24 1.27 1.75 1.75 0.64 
 178 287 2.6 24.1 0.77 40 36.10 2.40 1.13 1.67 1.67 0.70 
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 178 287 2.6 24.1 1.34 40 40.10 2.07 1.07 1.54 1.54 0.75 
Deitz et al.(1999) 
 305 157.5 4.5 28.6 0.73 40 26.80 1.86 1.04 1.15 1.15 1.07 
 305 157.5 5.8 30.1 0.73 40 28.30 1.93 1.07 1.20 1.20 1.10 
 305 157.5 5.8 27 0.73 40 29.20 2.05 1.16 1.28 1.28 1.02 
 305 157.5 5.8 28.2 0.73 40 28.50 1.98 1.11 1.23 1.23 1.06 
 305 157.5 5.8 30.8 0.73 40 27.60 1.87 1.03 1.16 1.16 1.13 
Duranovic et al. (1997)  150 210 3.7 32.9 1.31 45 22.00 1.62 0.99 1.11 1.11 1.04 
 
 150 210 3.7 38.1 1.31 45 26.50 1.88 1.14 1.27 1.27 0.91 
Swamy and Aburawi (1997)  254 222 3.2 39 1.55 34 19.50 0.81 0.45 0.55 0.55 2.08 
Zhao et al.(1995) 
 150 250 3.0 34.3 1.51 105 45.00 1.79 1.12 1.41 1.41 0.78 
 150 250 3.0 34.3 3.02 105 46.00 1.39 1.06 1.14 1.14 0.95 
 150 250 3.0 34.3 2.27 105 40.50 1.37 0.93 1.11 1.11 0.99 
Lubell et al.(2004) 
 450 970 3.1 40 0.46 40 136.00 1.18 0.50 1.00 1.00 1.71 
 150 171 3.9 34 0.45 38 12.50 1.99 0.82 1.14 1.14 1.07 
 150 218 3.1 34 0.71 32 17.50 1.91 0.91 1.17 1.17 1.00 
 150 268 2.5 34 0.86 32 25.00 2.03 0.90 1.34 1.34 0.86 
 150 168 4.0 59 1.39 32 17.50 1.56 0.88 0.98 0.98 1.19 
 150 218 3.1 59 1.06 32 27.50 2.15 1.06 1.33 1.33 0.86 
 150 268 2.5 59 1.15 32 30.00 1.84 0.82 1.21 1.21 0.93 
(Tottori S. and Wakui H.. 1993) 
 200 325 3.2 44.6 0.7 137 110.50 2.93 1.81 2.31 2.31 0.53 
 200 325 3.2 45 0.7 137 118.00 3.12 1.93 2.46 2.46 0.50 
 200 325 3.2 46.9 0.9 192 106.00 2.15 1.43 1.79 1.79 0.67 
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 200 325 3.2 46.9 0.9 58 87.00 2.98 1.68 2.19 2.19 0.57 
Nagasaka (1993) 
 250 265 3.1 34.1 1.9 56 113.00 3.03 1.84 2.33 2.33 0.49 
 250 265 3.1 22.9 1.9 56 83.00 2.49 1.54 1.95 1.95 0.59 
Nakamura and Higai (1995) 
 300 150 4.0 22.7 1.3 29 33.00 2.31 1.31 1.51 1.51 0.79 
 300 150 4.0 27.8 1.8 29 36.00 2.06 1.22 1.38 1.38 0.85 
(Matta et al. 2008) 
 457 883 3.1 29.5 0.59 40.7 154.10 1.38 0.71 1.21 1.21 1.36 
 457 880 3.1 29.5 1.18 40.7 220.70 1.44 1.02 1.38 1.38 1.15 
 456 880 3.1 30.7 1.18 41.4 216.20 1.39 0.98 1.33 1.33 1.20 
 114 294 3.1 59.7 0.59 40.8 15.20 1.36 0.59 0.87 0.87 1.44 
 114 294 3.1 32.1 0.59 40.8 18.70 1.97 0.95 1.31 1.31 0.96 
 229 147 3.1 59.7 0.59 40.8 28.60 2.54 1.04 1.47 1.47 0.77 
 229 147 3.1 32.1 0.59 40.8 31.55 3.31 1.49 1.99 1.99 0.57 
(Yost et al.2001) 
 229 225 4.1 36.3 1.11 40.3 39.10 1.95 1.18 1.30 1.30 0.94 
 229 225 4.1 36.3 1.11 40.3 38.50 1.92 1.17 1.28 1.28 0.95 
 229 225 4.1 36.3 1.11 40.3 36.80 1.83 1.11 1.22 1.22 0.99 
 178 225 4.1 36.3 1.42 40.3 28.10 1.61 1.02 1.11 1.11 1.09 
 178 225 4.1 36.3 1.42 40.3 35.00 2.00 1.27 1.38 1.38 0.87 
 178 225 4.1 36.3 1.42 40.3 32.10 1.84 1.16 1.27 1.27 0.95 
 229 225 4.1 36.3 1.66 40.3 40.00 1.66 1.07 1.16 1.16 1.03 
 229 225 4.1 36.3 1.66 40.3 48.60 2.02 1.31 1.41 1.41 0.85 
 229 225 4.1 36.3 1.66 40.3 44.70 1.85 1.20 1.30 1.30 0.92 
 279 225 4.1 36.3 1.81 40.3 43.80 1.44 0.94 1.02 1.02 1.18 
 279 225 4.1 36.3 1.81 40.3 45.90 1.50 0.99 1.06 1.06 1.12 
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 279 225 4.1 36.3 1.81 40.3 46.10 1.51 0.99 1.07 1.07 1.12 
 254 224 4.1 36.3 2.05 40.3 37.70 1.29 0.86 0.92 0.92 1.29 
 254 224 4.1 36.3 2.05 40.3 51.00 1.75 1.16 1.25 1.25 0.95 
 254 224 4.1 36.3 2.05 40.3 46.60 1.59 1.06 1.14 1.14 1.04 
 229 224 4.1 36.3 2.27 40.3 43.50 1.58 1.07 1.14 1.14 1.04 
 229 224 4.1 36.3 2.27 40.3 41.80 1.52 1.02 1.10 1.10 1.08 
 229 224 4.1 36.3 2.27 40.3 41.30 1.50 1.01 1.09 1.09 1.09 
 127 143 6.4 60.3 0.33 139 14.30 1.74 0.95 1.09 1.09 1.20 
 127 143 6.4 60.3 0.33 139 12.90 1.57 0.86 0.99 0.99 1.33 
 127 143 6.4 60.3 0.33 139 14.70 1.79 0.98 1.12 1.12 1.17 
 159 141 6.5 61.8 0.58 139 19.80 1.50 1.06 1.01 1.01 1.28 
 159 141 6.5 61.8 0.58 139 23.10 1.75 1.24 1.18 1.18 1.10 
 159 141 6.5 61.8 0.58 139 17.00 1.29 0.91 0.87 0.87 1.49 
 89 143 6.4 81.4 0.47 139 8.80 1.20 0.84 0.77 0.77 1.52 
 89 143 6.4 81.4 0.47 139 11.70 1.59 1.11 1.03 1.03 1.14 
 89 143 6.4 81.4 0.47 139 8.90 1.21 0.84 0.78 0.78 1.50 
 121 141 6.5 81.4 0.76 139 14.30 1.17 1.00 0.80 0.80 1.45 
 121 141 6.5 81.4 0.76 139 15.30 1.25 1.07 0.85 0.85 1.35 
 121 141 6.5 81.4 0.76 139 16.60 1.36 1.16 0.93 0.93 1.25 
Gross et al. (2003) 
 203 225 4.1 79.6 1.25 40.3 41.60 1.79 1.16 1.15 1.15 0.95 
 203 225 4.1 79.6 1.25 40.3 30.40 1.31 0.85 0.84 0.84 1.30 
 203 225 4.1 79.6 1.25 40.3 42.10 1.81 1.18 1.17 1.17 0.94 
 152 225 4.1 79.6 1.66 40.3 31.00 1.56 1.06 1.05 1.05 1.04 
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 152 225 4.1 79.6 1.66 40.3 33.10 1.67 1.14 1.12 1.12 0.97 
 152 225 4.1 79.6 1.66 40.3 33.50 1.69 1.15 1.13 1.13 0.96 
 165 224 4.1 79.6 2.1 40.3 38.40 1.61 1.14 1.11 1.11 0.97 
 165 224 4.1 79.6 2.1 40.3 32.20 1.35 0.96 0.93 0.93 1.16 
 165 224 4.1 79.6 2.1 40.3 36.70 1.54 1.09 1.06 1.06 1.02 
 203 224 4.1 79.6 2.56 40.3 48.30 1.51 1.10 1.06 1.06 1.01 
 203 224 4.1 79.6 2.56 40.3 45.70 1.42 1.04 1.00 1.00 1.07 
 203 224 4.1 79.6 2.56 40.3 45.20 1.41 1.03 0.99 0.99 1.08 
Tariq and Newhook (2003) 
 160 346 2.8 37.3 0.72 42 54.50 3.00 1.49 2.12 2.12 0.59 
 160 346 2.8 37.3 0.72 42 63.70 3.51 1.75 2.48 2.48 0.50 
 160 346 3.3 43.2 1.1 42 42.70 1.86 1.08 1.37 1.37 0.94 
 160 346 3.3 43.2 1.1 42 45.50 1.98 1.15 1.46 1.46 0.88 
 160 325 3.5 34.1 1.54 42 48.70 2.07 1.29 1.59 1.59 0.80 
 160 325 3.5 34.1 1.54 42 44.90 1.91 1.19 1.46 1.46 0.87 
 130 310 3.1 37.3 0.72 120 49.20 2.31 1.37 1.80 1.80 0.66 
 130 310 3.1 37.3 0.72 120 45.80 2.15 1.27 1.68 1.68 0.71 
 130 310 3.7 43.2 1.1 120 47.60 1.79 1.22 1.44 1.44 0.86 
 130 310 3.7 43.2 1.1 120 52.70 1.98 1.35 1.60 1.60 0.78 
 130 310 3.7 34.1 1.54 120 55.90 1.95 1.40 1.64 1.64 0.75 
 130 310 3.7 34.1 1.54 120 58.30 2.03 1.46 1.71 1.71 0.72 
 457 360 3.4 39.7 0.96 40.5 108.10 1.75 1.03 1.29 1.29 1.02 
 457 360 3.4 39.9 0.96 37.6 94.70 1.59 0.92 1.15 1.15 1.14 
 457 360 3.4 40.3 0.96 47.1 114.80 1.73 1.04 1.29 1.29 1.01 
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 457 360 3.4 42.3 1.92 40.5 137.00 1.60 1.04 1.27 1.27 1.01 
 457 360 3.4 42.5 1.92 37.6 152.60 1.83 1.18 1.45 1.45 0.89 
 457 360 3.4 42.6 1.92 47.1 177.00 1.92 1.28 1.55 1.55 0.82 
 305 157.5 4.5 28.6 0.73 40 26.80 1.86 1.00 1.15 1.15 1.07 
 305 157.5 5.8 30.1 0.73 40 28.30 1.93 1.03 1.20 1.20 1.10 
 305 157.5 5.8 27 0.73 40 29.20 2.05 1.12 1.28 1.28 1.02 
 305 157.5 5.8 30.8 0.73 40 27.60 1.87 0.99 1.16 1.16 1.13 
 200 260 2.7 34.7 1.3 130 62.20 1.74 1.04 1.38 1.38 0.78 
 150 210 3.7 32.9 1.36 130 62.20 2.86 2.00 2.17 2.17 0.51 
 154 222 3.2 39 1.55 34 19.50 1.33 0.73 0.90 0.90 1.26 
 150 250 3.0 34.3 1.51 105 45.00 1.79 1.12 1.41 1.41 0.78 
 150 250 3.0 34.3 3.02 105 46.00 1.39 1.06 1.14 1.14 0.95 
 150 250 3.0 34.3 2.27 105 40.50 1.37 0.93 1.11 1.11 0.99 
Guadagnini et al (2006) 
 150 223 3.3 42.80 1.28 45.00 27.20 1.78 1.01 1.21 1.21 0.94 
 150 195 3.4 34.00 0.45 38.00 12.50 1.74 0.72 1.00 1.00 1.18 
 150 195 3.4 34.00 0.71 32.00 17.50 2.14 1.01 1.27 1.27 0.92 
 150 195 3.4 34.00 0.86 38.00 25.00 2.58 1.34 1.61 1.61 0.71 
 150 195 3.4 59.00 0.38 32.00 17.50 2.48 0.77 1.30 1.30 0.92 
 150 195 3.4 59.00 1.06 32.00 27.50 2.40 1.21 1.45 1.45 0.78 
 150 195 3.4 59.00 1.15 32.00 30.00 2.52 1.29 1.54 1.54 0.74 
Allam  (2010) 
 250 305 3.5 39.80 0.86 46.30 43.70 1.51 0.84 1.07 1.07 1.19 
 250 310 2.5 34.50 0.42 144.00 64.60 1.89 0.96 1.42 1.42 0.81 
 250 310 3.5 34.50 0.42 144.00 58.90 1.72 1.04 1.30 1.30 0.97 
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 250 440 2.5 44.70 0.90 46.30 77.20 1.76 0.97 1.36 1.36 0.94 
 300 584 2.5 37.40 0.91 46.30 103.70 1.84 0.98 1.30 1.30 1.05 
 250 460 2.5 42.40 0.45 144.00 74.10 1.84 0.82 1.11 1.11 1.15 
 300 594 2.5 37.00 0.43 144.00 112.90 1.84 0.98 1.23 1.23 1.10 
 250 449 2.5 74.20 0.79 144.00 100.40 1.84 0.84 1.05 1.05 1.17 
 300 594 2.5 74.20 0.75 144.00 147.10 1.84 0.92 1.06 1.06 1.25 
 250 442 2.5 74.20 1.27 46.30 116.10 1.84 1.20 1.53 1.53 0.82 
 300 578 2.5 74.20 1.38 46.30 155.20 1.84 1.15 1.36 1.36 0.99 
 250 310 2.5 37.40 0.33 46.30 72.70 1.84 1.55 2.47 2.47 0.50 
 250 296 2.5 39.80 1.43 46.30 65.50 1.84 0.94 1.38 1.38 0.82 
 250 296 2.5 42.40 1.43 46.30 70.90 1.84 0.99 1.46 1.46 0.78 
 250 455 2.5 37.40 0.35 46.30 68.00 1.84 0.99 1.70 1.70 0.80 
 250 434 2.5 37.40 1.47 46.30 92.20 1.84 1.07 1.48 1.48 0.85 
 250 310 2.5 42.40 0.18 144.00 58.70 1.85 1.05 1.60 1.60 0.75 
 250 310 2.5 34.50 0.67 144.00 72.50 1.84 0.94 1.37 1.37 0.83 
 250 460 2.5 42.40 0.22 144.00 70.30 1.85 0.95 1.33 1.33 0.98 
 250 439 2.5 42.40 0.65 144.00 82.50 1.85 0.83 1.13 1.13 1.10 
 250 310 2.5 65.30 0.42 144.00 71.60 1.85 0.89 1.28 1.28 0.88 
 250 310 2.5 88.30 0.42 144.00 77.90 1.85 0.97 1.25 1.25 0.81 
 250 291 2.5 65.30 0.89 46.30 75.60 1.85 1.10 1.60 1.60 0.70 
 250 291 2.5 88.30 0.89 46.30 80.20 1.85 1.17 1.54 1.54 0.66 
Bentz et al (2010)  450 438 3.5 35.00 0.55 40.80 86.00 1.85 0.74 0.93 0.93 0.79 
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Table  6-3 Comparison of Vexp/Vpred for design codes and guides and refined equation based on 
experimental results of the database 
 
JSCE 
(1997) 
ACI-440.1R 
(2006) 
CSA S806 
(2012) 
CSA S6.1S1 
(2010) 
Refined 
Equation 
Mean value of 
Vexp/Vpred 
1.32 1.85 1.13 1.48 0.97 
Standard Deviation 0.32 0.40 0.24 0.32 0.22 
Coef. of Variation 
(%) 
24 22 21 21 23 
6.8 Influence of Different Parameters on the Predictions of Design Methods 
The effect of the shear span to depth ratio (a/d), the concrete compressive strength, the depth of 
the member, and the axial stiffness of the FRP reinforcement on the ratio of the experimental to 
the predicted shear strength )/( exp predVV of the different shear design methods is presented in the 
following section.   
6.8.1 Effect of (a/d) Ratio  
The effect of a/d on the ratio of )/( exp predVV  for the different design methods is shown in Figure 
6.7 to Figure 6.10 It can be noted that )/( exp predVV decreases for higher values of (a/d) for almost 
all of the design methods except for the CSA S806-12, in which there was no noticeable change 
in the )/( exp predVV with the increase of  )/( da  ratio. This indicates that CSA S806 predicts the 
shear strength approximately with the same level of accuracy for )/( da  ratios ranging between 
2.5 to 6.5. The highest decrease in the ratio of )/( exp predVV  with an increase in the values of 
Chapter 6 Evaluation of Shear Design Code Models and Revised Shear Equation      
 
176 
 
 
)/( da is observed for ACI 440 equation which does not include the effect of shear to depth 
ratio.  
 
Figure  6-7 Effect of )/( da  ratio on the ratio of ( predVV /exp ) ACI 440 1R06  
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Figure  6-8 Effect of )/( da  ratio on the ratio of ( predVV /exp ) CAN CSA S806-12 
 
Figure  6-9 Effect of )/( da  ratio on the ratio of ( predVV /exp ) JSCE (1997) 
 
Figure  6-10 Effect of )/( da  ratio on the ratio of ( predVV /exp ) Refined Model 
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6.8.2 Effect of concrete compressive strength
'
cf   
The effect of concrete compressive strength on the ratio of )/( exp predVV for the different design 
methods is shown in Figure  6-11 till Figure  6-14.  
   
Figure  6-11 Effect of (
/
cf ) on the ratio of ( predVV /exp ) on JSCE (1997) 
  
Figure  6-12 Effect of (
/
cf ) on the ratio of ( predVV /exp ) of CSA S806-12 
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Figure  6-13 Effect of (
/
cf ) on the ratio of ( predVV /exp ) of ACI 440.1R-06 
 
Figure  6-14 Effect of concrete compressive strengths on the ratio of (Vexp /V pred) for the refined 
equation  
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6.8.3 Effect of the Depth (d) 
The effect of depth on the ratio of )/( exp predVV  for the different design methods is shown in 
Figure 6-15 till Figure  6-18. The beams and slabs have depth that varies in the range of 141 to 
970 mm. The scatter in the results could be noticed in all methods; the highest scatted was noted 
in the ACI 440 method, while the CSA, and the refined model provided the least scatter.  
 
Figure  6-15 Effect of depth on the ratio of (Vexp /V pred) for the ACI 440.1R-06 
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Figure  6-16 Effect of the depth of specimens on CSA S806 -12 
 
Figure  6-17 Effect of the depth of specimens using JSCE 
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Figure  6-18 Effect of the depth of specimens on the refined model 
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noted for the JSCE equation. Both the CSA equation and the refined model showed a slightly 
increasing trend. 
 
Figure  6-19 Effect of ff E for specimens on )/( exp predVV for JSCE (1997) 
 
Figure  6-20 Effect of ff E for specimens on )/( exp predVV for CSA S806 12 
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Figure  6-21 Effect of ff E for specimens on )/( exp predVV for the ACI 440.1R-06 
 
 
Figure  6-22 Effect of ff E for specimens on )/( exp predVV for the refined model 
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6.9 Conclusion  
This chapter evaluated the performance of different design codes and guidelines of shear 
equations in predicting the concrete contribution to the shear strength.  A refined shear 
equation for FRP/RC concrete without shear reinforcement was proposed. Twenty one slabs 
reinforced with FRP bars were constructed and tested, the test results were added to a 
collected database of concrete shear strength of slabs and beams without web reinforcement 
from the literature. The data was used to generate a model that predicts the concrete shear 
strength. Using a simple regression analysis based on 203 elements, a modification was 
proposed to the current equation of the CSA S806 (2012) for calculating the concrete 
contribution to the shear strength of FRP-reinforced concrete members which yields the best 
results compared to other code equations proposed. The proposed equation was used to 
calculate the shear strength of 203 FRP-reinforced specimens and the results were found to 
compare well with the test results.  
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CHAPTER 7 CONCLUSIONS AND 
RECOMMENDATIONS 
7.1 General Conclusions  
A comprehensive experimental investigation was carried out to investigate the shear 
behaviour of FRP-RC slabs using carbon FRP bars and glass FRP bars of different types 
and grades. The slabs were measuring 4000 mm long × 1000 mm wide × 200 mm thick. 
Out of twenty two slabs, nine of them were reinforced with carbon FRP bars, six with 
GFRP bars of Grade I, and six with GFRP of Grade III. One slab was reinforced with steel 
bars for comparison purposes. The test variables included the longitudinal reinforcement 
ratio f , the concrete compressive strength
'
cf , the reinforcement type, and the 
reinforcement configuration and diameter. Based on the obtained results, the following 
conclusions were drawn:  
7.2  Conclusions of the experimental investigation  
7.2.1 Shear failure mechanisms 
1. All of the FRP-RC slabs of this investigation rupture in shear. The observed failure 
modes were shear compression failure, or diagonal tension failure. Also, for few slabs, 
a secondary bond/anchorage failure was observed.  
2. The development of the critical shear crack did not necessitate the total collapse of the 
slabs.  In many cases, the slabs kept their integrity even after shear failure took place. 
However, the development of the critical shear failure was followed in some cases by 
rupture in FRP bars and complete separation of both parts of the slab.  
3. When the failure is governed by compressive concrete crushing, the dowel forces result 
in shearing off in FRP bars. This leads to the loss of the developed arch action and a 
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total loss in the integrity of the member. In other modes of shear failure and in the cases 
that the concrete in the compression zone doesn’t reach the ultimate compressive 
strains, the dowel forces do not lead to the shearing off of FRP bars and the arch action 
is still activated. 
4. A slab experiencing diagonal tension failure, sufficient magnitude of the tensile stresses 
in the concrete surrounding the bars is developed, in combination with the existing 
splitting stresses due to flexural bond, causes splitting failure along the plane of the 
reinforcement resulting in premature bond failure or a combined shear bond failure 
causing a reduction in the shear capacity of the slab. 
5. The mode of shear failure and the orientation of the shear crack and its distance from 
the support were influenced by the axial reinforcement stiffness and concrete 
compressive strength. 
6. The presence of several shear-crack branches allows for redistribution of shear stresses 
along the shear span of the slab, which changed the failure from sudden to progressive 
in some slabs.  
7. A design philosophy that prevents FRP shearing off in shear design should be 
established. The experimental tests performed revealed that the reinforcement controls 
the slab collapse mechanism. In the design for shear, control of flexural reinforcement 
that allows shear compressive concrete crushing and avoiding rupture of FRP bars is 
more desirable in design. 
8. After shear cracking, part of applied shear forces are transferred as flexural force action 
and axial force action on the rebar. The flexural force action causes longitudinal 
splitting in FRP bars in the shear.  
9. The mechanical properties of FRP bars exposed to excessive dowel forces are not identical to 
those resulting from standard test methods due to the biaxial state of stress. 
10. Single, multiple or triple shear cracks, were developed and inclined at variable angles.  
The shear crack angle increased when the location of the shear crack approached the 
loading point and was reduced when approaching the support of the member.    
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7.2.2 Cracking behaviour 
11. The assumption of a 45° shear angle as recommended in existing FRP design 
standards and guidelines may not always be conservative and should be re-evaluated 
for FRP RC members.   
12. A visual inspection of the failure surface showed perfect bonding after slab splitting 
between FRP bars and concrete. No holes were detected surrounding the FRP bars. 
This indicates a minor contribution of FRP bars in local disturbance in the crack 
structure.  
7.2.3 Deflections  
13. The load-deflection behaviour of the slabs before cracking was governed by the gross 
section properties of the slabs, and the behaviour after cracking was approximately 
directly proportional with the axial stiffness of the FRP reinforcing bars. 
7.2.4 Reinforcement strains  
14. The load strain relationships of the tested slabs indicated variation in the ultimate 
strains obtained in each slab depending on the axial stiffness. It was observed that the 
higher the axial stiffness the less ultimate strain at failure. 
7.2.5 Effect of axial stiffness of the reinforcement 
15. The shear strength of one-way concrete slabs was found to be proportional to the axial 
stiffness of longitudinal FRP reinforcement. As the axial stiffness of FRP 
reinforcement increased, the shear strength of the slab increased. The enhancement in 
the shear capacity was due to the improvement of the shear transfer mechanism as 
well as the increased area of concrete in compression 
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16. The depth of the compression zone, before failure, increased with an increase in the 
axial stiffness of the reinforcing bars for both NSC and HSC beams, and decreased 
with an increase in the compressive strength. 
7.2.6 Effect of the reinforcement diameter  
17. Transverse shear stiffness of FRP bars was found to be an influencing parameter for 
the shear strength of FRP-RC slabs. In slabs reinforced with bars with identical axial 
stiffness, the higher the reinforcement diameter and shear stiffness of the rebar the 
higher the shear strength. 
18. An increase in the reinforcement diameter should be limited by the bond splitting 
crack development as higher bar diameters increased, the tendency to bond splitting 
cracks causing a reduction in the overall shear strength.  
19. Using bars with larger diameters resulted in avoiding catastrophic shear failures.  
Slabs reinforced with bars with smaller diameters experienced complete collapse after 
failure when the failure of the slabs was controlled by compressive crushing failure. 
7.2.7 Effect of the concrete compressive strength  
20. The high-strength concrete specimens show larger shear cracking load compared to 
normal strength concrete specimens. 
21. An increase in the concrete compressive strength increased the ultimate shear strength 
of the slabs till a certain limit in compressive strength. Further increase adversely 
affected the overall shear capacity of the slabs. 
22. A visual inspection of the rough shear failure surface in NSC slabs provided 
experimental evidence for the contribution of aggregate interlock to the shear transfer 
in FRP-reinforced concrete slabs. This phenomenon was less pronounced in HSC 
slabs. Higher sounds accompanied the failure of HSC slabs and more brittle failure 
was noted.  
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7.2.8 Effect of the bar type and bond properties    
23. Due to the bond splitting effect, single bars with large diameters provided better 
enhancement to the shear strength than using double bundled bars of the same type 
equivalent reinforcement area.   
24. Diagonal splitting cracks radiating from FRP bars as well as conical failure surface 
passing through the reinforcing bars through the shear failure surface confirms the 
effectiveness of bond of FRP bars to concrete in the shear zone.  
25. While all the shear failures of the slabs were brittle and sudden, the use of CFRP bars 
resulted in undesirable catastrophic mode of failure, most of the slabs reinforced with 
CFRP collapsed into two separate parts, while GFRP reinforced slabs, except for 
those with very low reinforcement ratios, have maintained their integrity even after 
failure.    
7.2.9 Construction detailing    
26. Care should be taken in construction from the congestion of reinforcing bars parallel 
the critical shear crack path. This may control the shear crack path and cause 
reduction in the aggregate interlock contribution. Critical crack path was found to be 
oriented towards the weakest points through the slab. The use of top FRP transverse 
reinforcing bars provided a point of weakness that controlled the critical shear crack 
shape. The existence of reinforcing bars parallel to the failure surface are expected to 
reduce the aggregate interlock contribution capacity of the slab, depending on the bar 
diameter, location and surface conditions.  
7.3 Evaluation of different Equations  
An experimental database on shear of FRP-RC elements without shear reinforcement was 
constructed from the literature in addition to the slabs to the present investigation.  The 
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design equations of different codes and guides and the proposed refined design equation 
were verified against the reported experimental results of the database. The following 
conclusions can be drawn.  
1. The comparison revealed that the ACI 440, the JSCE and CSA design codes and 
guides predict highly conservative results for beams and slabs with low (a/d) ratio.  
2. The refined equation and that of the CSA S806 (2012) provided the most accurate 
predictions. ACI 440.1R (2006) and JSCE (1997) yielded conservative predictions, 
while provided some overestimated results.  
7.4 Recommendations for future work  
It is hoped that the results obtained from this experimental program will help other 
research efforts in better understanding the mechanisms affecting the shear of concrete 
reinforced with FRP bars. It is hoped as well that the experimental data obtained will be of 
use to researchers working towards analytical models for the prediction of the shear 
response of concrete elements.   
 
1. More experimental studies are still needed to fill the gaps in the current global 
experimental database for flexural elements reinforced with FRP bars failing in 
shear. Parameters that need to be included include the width of the members, FRP 
bars with different modulus, concrete compressive strength, and span to depth 
ratio.    
2. More refined models are still required for predicting the shear capacity of concrete 
elements reinforced with FRP bars. A parameter that would need to be evaluated is 
the transverse FRP rebar stiffness and its contribution to shear capacity particularly 
for shallow members. 
3. The application of information technology in structural engineering through 
artificial intelligence approach (ANNs) and genetic algorithm (GAs) development 
 Chapter 7 – Conclusions and Recommendations     
 
192 
 
 
of shear design models presents a promising means to obtain the most efficient and 
conservative predictions.  
4. Further theoretical and experimental studies are required to investigate the 
formation of a virtual hinge in FRP RC slabs and the development of a rotational 
capacity of the slab before failure. More experimental work and theoretical study 
are recommended to investigate the procedure for controlling the slab collapse 
mechanism. 
5. Further experimental studies are required on the effect of dowel action in FRP 
reinforced concrete members. 
6. Experimental verification on the effect of the existence of top transverse 
reinforcement is needed which is expected to adversely affect the aggregate 
interlock contribution to the shear strength in FRP-RC one way slabs. 
7. Further experimental investigations are required to quantify the concrete 
contribution to the shear transfer mechanisms considering the interface roughness 
and concrete strength using FRP bars in order to clarify its relation with stiffness 
and capacity in shear to separate the concrete and dowel actions.  Measuring the 
surface roughness through the shear failure surface would be beneficial in future 
work. 
8. Experimental investigations are required to explore the effect of the bond 
properties of FRP reinforcement on the shear capacity of the slabs. 
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CONCLUSIONS ET RECOMMENDATIONS 
7.5 Conclusions  
Une étude expérimentale a été réalisée pour examiner le comportement au cisaillement de 
dalles unidirectionnelles renforcées de barres en PRF à base de fibres de verre et de fibres 
de carbone de différents types et de différents diamètres. Les dalles mesurent 4000 mm de 
long, 1000 mm de largeur et 200 mm d'épaisseur. Des vingt-deux dalles, neuf d'entre elles 
ont été renforcées de barres en PRFC, six avec des barres en PRFV de grade I, et six avec 
des barres en PRFV de grade III. Une dalle a été renforcée avec des barres d'acier à des 
fins de comparaison. Les variables d’essai sont le pourcentage d’armature longitudinale, la 
résistance à la compression du béton, le type d’armature et la configuration du 
renforcement et le diamètre. Sur la base des résultats obtenus, les conclusions suivantes 
ont été émises. 
7.6  Conclusions‎de‎l’étude‎expérimentale 
7.6.1 Mécanismes de rupture en cisaillement (à‎l’effort‎tranchant) 
1. Toutes les dalles en PRFC ont rompu en cisaillement. Les modes de rupture 
observés étaient des ruptures par traction-cisaillement, compression-cisaillement 
ou traction diagonale. Aussi, pour certaines dalles, une rupture de l’adhérence 
(éclatement du béton) a été observée.  
2. Le développement d’une fissure de cisaillement ne nécessite pas la rupture totale 
des dalles. Dans de nombreux essais, les dalles ont gardé leur intégrité même 
lorsque la rupture par cisaillement s’est produite. Cependant, le développement 
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d’un plan de rupture en cisaillement a été suivi dans certains cas par la rupture dans 
les barres en PRF et la dislocation complète de la dalle en deux morceaux. 
3. La résistance en cisaillement provient de trois mécanismes suivants : 1) résistance 
en compression du béton, 2) l’imbrication des agrégats, et 3) l'action de goujon. 
Ces mécanismes de cisaillement créent un état de contraintes de traction dans les 
dalles de béton qui ont mené au développement de fissures critiques de 
cisaillement. Le développement de fissures critiques de cisaillement élimine ces 
trois mécanismes et un nouveau mécanisme, l'action de membrane en compression 
est activée (effet d’arche). 
4. Lorsque la rupture est gouvernée par l’éclatement en compression du béton, 
l’action goujon résulte du cisaillement des barres en PRF. Ceci mène à la perte de 
l’effet d'arche développé et une perte totale dans l'intégrité de la dalle. Dans 
d'autres modes de rupture par cisaillement et dans les cas où le béton dans la zone 
de compression n'atteint pas les déformations ultimes en compression, l’action 
goujon ne mène pas au cisaillement des barres en PRF et l’effet d’arche est 
toujours activé même après la rupture en cisaillement.  
5. Le mode de rupture en cisaillement et l'orientation de la fissure de cisaillement et sa 
distance du support étaient influencés par la rigidité axiale du renforcement et la résistance 
à la compression du béton. 
6. La présence de plusieurs fissures de cisaillement permet une redistribution des 
contraintes de cisaillement le long de la portée de cisaillement qui a changé la 
rupture de soudaine à progressive dans certaines dalles. 
7. Une philosophie de design qui empêche le cisaillement des PRF devrait être établi. 
Les essais expérimentaux ont révélé que le renforcement contrôle le mécanisme de 
rupture de la dalle. Lors de la conception pour le cisaillement, le contrôle du 
renforcement en flexion permettant le rupture du béton en compression et évitant la 
rupture des barres en PRF est plus que souhaitable. 
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8. Les forces de cisaillement appliquées sont transférées comme l’action d’une force 
de flexion et l’action d’une force axiale sur la barre. L’action de la force de flexion 
cause un éclatement longitudinal dans les barres en PRF en cisaillement. Les 
échantillons de béton à haute résistance montrent des charges de fissuration en 
cisaillement plus élevées que les échantillons avec un béton normal. 
9. Les propriétés mécaniques des barres en PRF exposées aux forces par goujon ne 
sont pas identiques à celles résultantes des méthodes d’essai standard en raison de 
l'état biaxial de contraintes. 
10. De simples ou multiples fissures de cisaillement ont été développées et inclinées 
selon des angles variables. L'angle de fissuration en cisaillement augmente quand 
l'emplacement de la fissure de cisaillement s’approche du point de chargement et a 
été réduit en s'approchant du support de l’élément.  
7.6.2 Comportement à la fissuration 
1. Un angle de cisaillement de 45° comme recommandé dans les normes existantes de 
design des PRF et des guides ne peut pas toujours être conservatrice et devrait être 
réévaluée pour les éléments en PRF-RC. 
2. Une inspection visuelle de la surface de rupture montre une adhérence parfaite 
après l’éclatement de la dalle entre les barres en PRF et le béton. Aucune fissure 
n'a été détectée entourant les barres en PRF. Ceci indique une contribution mineure 
des barres en PRF dans la perturbation locale dans la dalle fissurée. 
7.6.3 Flèches  
Le comportement charge- déflexion des dalles avant la fissuration est gouverné par les 
propriétés des sections brutes des dalles et le comportement après fissuration est 
approximativement directement proportionnel avec la rigidité axiale des barres en PRF.  
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7.6.4 Déformations des armatures 
1. Les relations charge-déformation des dalles testées indiquent que la variation dans 
les déformations ultimes obtenues dans chaque dalle dépend de la rigidité axiale. Il 
a été observé que plus la rigidité axiale est élevée, moins est la déformation ultime 
à la rupture.  
2. La variation des contraintes de traction dans la zone de flexion le long de la 
longueur de la dalle indique une contribution de la rigidité en tension. La variation 
dans les déformations en tension est plus prononcée dans les dalles avec une basse 
rigidité axiale, indiquant une plus haute rigidité de traction.  
7.6.5 Effet de la rigidité axiale du renforcement 
1. La résistance au cisaillement des dalles de béton unidirectionnelles est trouvée être 
proportionnelle à la rigidité axiale de l’armature longitudinale en PRF. Comme la 
rigidité axiale du renforcement en PRF augmente, la résistance au cisaillement de 
la dalle augmente. L'amélioration dans la capacité de cisaillement est due à 
l'amélioration du mécanisme de transfert de cisaillement ainsi que la zone de béton 
en compression.  
2. La profondeur de la zone de compression, avant rupture, augmente avec une 
augmentation de la rigidité axiale du renforcement pour les deux types de poutres 
(béton normal et BHP) et diminue avec une augmentation de la résistance à la 
compression. 
7.6.6 Effet du diamètre de la barre 
1. La rigidité transversale axiale des barres en PRF constitue un paramètre d'influence 
pour la résistance au cisaillement des dalles en PRF-RC. Dans les dalles renforcées 
avec des barres dont la rigidité axiale est identique, plus élevés sont le diamètre du 
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renforcement et la rigidité de cisaillement, plus élevée est la résistance au 
cisaillement.  
2. Une augmentation du diamètre du renforcement devrait être limitée par le 
développement de la fissure lorsque les diamètres des barres augmentent, la 
tendance des fissures  causant une réduction dans l’ensemble de la résistance au 
cisaillement.  
3. L'utilisation de barres de plus grands diamètres permet d’avoir des ruptures en 
cisaillement moins fragiles. Les dalles renforcées avec des diamètres plus petits ont 
montré une rupture complète de la dalle dont le mode de rupture se produit par 
écrasement du béton dans la zone comprimée.  
7.6.7 Effet de la résistance à la compression du béton 
1. Une augmentation de la résistance à la compression du béton augmente la 
résistance au cisaillement des dalles jusqu'à une certaine limite de la résistance à la 
compression.  
2. Une inspection visuelle de la surface rugueuse à la rupture en cisaillement dans les 
dalles avec un béton normal fournit une évidence expérimentale pour la 
contribution des agrégats dans le transfert du cisaillement dans les dalles en béton 
renforcées de PRF. Ce phénomène est moins prononcé dans les dalles en BHP. Des 
sons plus élevés ont accompagné la rupture des dalles en BHP et la rupture est plus 
fragile. 
7.6.8 Effet‎du‎type‎de‎barres‎et‎des‎propriétés‎d’adhérence 
1. Les barres d’armature isolées (non groupée) avec de grands diamètres fournissent 
la meilleure amélioration de la résistance au cisaillement que l'utilisation de barres 
groupées du même type. 
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2. Les ruptures en cisaillement des dalles sont des ruptures fragiles et soudaines, 
l'utilisation des barres en PRFC a abouti à un mode de rupture catastrophique et 
indésirable.  La plupart des dalles renforcées avec des barres en PRFC ont éclaté en 
deux parties séparées, tandis que les dalles renforcées de PRFV, à part celles ayant 
des pourcentages de renforcement très bas, ont maintenu leur intégrité même après 
la rupture. 
7.6.9 Détails de construction 
Un soin devrait être pris lors de la construction au niveau de la congestion des 
barres d’armature parallèle suivant le chemin critique des fissures de cisaillement. 
L'utilisation de barres d’armature transversales supérieures fournit un point de 
faiblesse qui contrôle la forme de la fissure de cisaillement. L'existence de barres 
d’armature parallèles à la surface de rupture réduit la contribution de l’agrégat, 
dépendamment du diamètre de la barre, de l'emplacement et des conditions de 
surface. 
7.7 Évaluation des différentes équations 
Une base de données expérimentale sur les éléments en PRF sans armature de cisaillement 
a été construite à partir de la littérature en plus des dalles de la présente investigation. Les 
équations de design des différents codes et des guides et l'équation de design raffinée 
proposée ont été vérifiées avec les résultats expérimentaux rapportés de la base de 
données. Les conclusions suivantes peuvent être émises.  
1. La comparaison a révélé que les guides de l'ACI 440, le JSCE et les normes de 
calcul du CSA aboutissent à des résultats conservateurs pour les membrures en 
béton unidirectionnels avec un rapport portée en cisaillement sur profondeur 
effective (a/d) faible (poutres profondes). 
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2. L'équation mise au point dans cette thèse et celle du CSA S806 (2012) ont fourni 
les prédictions les plus précises. Les guides ACI 440.1R (2006) et JSCE (1997) 
rapportent des prédictions conservatrices.  
7.8 Recommandations pour des travaux futurs 
Les résultats obtenus de ce programme expérimental aideront pour une meilleure 
compréhension des mécanismes affectant le cisaillement du béton renforcé de barres en 
PRF. Aussi les données expérimentales obtenues seront utiles aux chercheurs œuvrant sur 
des modèles analytiques pour la prédiction de la résistance au cisaillement d’éléments en 
béton armée de PRF. Les recherches suivantes sont recommandées : 
 
1. Plus d’études expérimentales sont nécessaires pour compléter la base de données 
expérimentale actuelle pour des éléments en flexion renforcés avec des barres en 
PRF ayant rompu en cisaillement. Les paramètres qui doivent être inclus sont la 
largeur des éléments, des barres en PRF avec différents modules, la résistance à la 
compression du béton et le rapport portée/profondeur.  
2. Des modèles de prédiction plus raffinés sont nécessaires pour les éléments 
renforcés avec des barres en PRF. Un paramètre qui devrait être évalué est la 
rigidité des barres transversales en PRF et leur contribution pour augmenter la 
capacité en cisaillement particulièrement pour des éléments élancés (ou peu 
profonds). 
3. Des modèles plus raffinés sont toujours requis pour la prédiction de la capacité de 
cisaillement des éléments en béton renforcés de barres en PRF. Un paramètre qui 
devrait être évalué est la rigidité des barres transversales et leur contribution pour 
la capacité de cisaillement. 
4. L'application de technologie de l'information dans des structures d’ingénierie à 
travers une approche d'intelligence artificielle (ANNs) et le développement 
d'algorithme génétique de modèles de conception de cisaillement présente des 
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moyens prometteurs pour obtenir les prédictions les plus efficaces et 
conservatrices. 
5. Des études théoriques et expérimentales sont requises pour examiner la formation 
d'une rotule virtuelle dans des dalles en béton armé de PRF et le développement 
d'une capacité rotationnelle de la dalle après rupture.  
6. Plus d’études expérimentales sont requises sur l'effet goujon dans les éléments en 
béton armé de PRF. 
7. Plus d’investigations expérimentales sont requises pour quantifier la contribution 
du béton vis-à-vis des mécanismes de transfert de cisaillement considérant la 
rugosité de l'interface et la résistance du béton utilisant des barres en PRF pour 
clarifier sa relation avec la rigidité et la capacité de cisaillement pour séparer les 
actions de béton et les actions de goujon.  
8. Des investigations expérimentales sont requises pour explorer l'effet des propriétés 
d’adhérence des renforcements en PRF sur la capacité de cisaillement des dalles. 
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ANNEXE A  
Histograms of the Experimental Database Variables 
.  
Histogram of element width 
0 500 1000 1500 2000 2500 3000 3500
Element width bw(mm) 
0
20
40
60
80
100
120
140
160
N
u
m
b
e
r 
o
f 
e
le
m
e
n
ts
 
 
Figure A-1 Distribution of the member widths (bw) in the experimental database 
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Figure A-2 Distribution of the member depths (dw) in the experimental database 
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Figure A-3 Distribution of (a/d) ratio in the experimental database 
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Figure A-4 Distribution of (fc ) in the experimental database 
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Histogram of rienforcement ratio %
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Figure A-5 Distribution of the reinforcement ratio in the experimental database 
Histogram of the Modulus of Elasticity of Reinforcement 
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Figure A-6 Distribution of the modulus of elasticity of the reinforcement Ef Gpa 
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Histogram of shear strength Vc
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Figure A-7 Distribution of experimental shear strength Vc 
 
 
